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CHAPTER 1 
INTRODUCTION 
In the past several years, the refrigeration and air conditioning industries have been 
searching for a replacement refrigerant that will meet the Montreal Protocol requirements by 1996. 
This protocol requires the elimination of the use of chloroflourocarbon based refrigerants: The 
trend in the refrigeration industry has been to begin using refrigerant mixtures as alternative 
replacements for some of these chlorine based refrigerants. 
In using these refrigerant mixtures, one must realize that they are less effective than the 
refrigerants that they are replacing. Therefore, in conjunction with using these refrigerant 
mixtures, the industry is attempting to increase their performance with the use of enhanced tubes. 
The combination of using a replacement refrigerant mixture in an enhanced tube is an attempt to 
overcome the loss of effectiveness due to the change in refrigerant and in general to enhance the 
performance of the system. 
In the present study, a blend of R-32, R-125 and R-134a (23, 25, and 52% by mass), 
currently identified as R-407c, has been studied in an internally enhanced, 9.52 mm (0.375") o.d 
microfinned tube with a 18° helix angle. The heat transfer and pressure drop effects of both the 
refrigerant and the enhanced tube were studied as a function of local flow conditions. 
At this time, several condensation studies are being made on refrigerant mixtures and 
enhanced tubes. Research on enhanced tubes is wide and varied, due to the almost unlimited 
amount of alternative geometries. In this study, the researcher will attempt to contain the 
comparison of this tube to ones 'of a similar geometry. However, the refrigerant mixture used in. 
the present work has not been greatly studied. It is the hope of this researcher that this study will 
provide good insight into the heat transfer and pressure drop behavior of this refrigerant mixture in 
a commonly used enhanced tube. 
In the following report, the effort has been made to explain the combined effects of using 
refrigerant mixtures and an enhanced geometry. In Chapter 2, the existing literature on both 
enhanced tubes and refrigerant mixtures is presented. In Chapter 3, a detailed explanation of the 
behavior of refrigerant mixtures is discussed. In Chapter 4, the experimental apparatus and 
procedures are outlined in detail. Chapter 5 contains the analysis of both heat transfer and pressure 
drop effects found during the experimentation. Chapter 6 summarizes the results of this study and 
includes recommendations for further research. 
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CHAPTER 2 
LITERA TURE REVIEW 
This chapter discusses the availahle literature that relates to the present study. Section 2.1 
presents literature on general condensation in"ide tubes. Section 2.2 summarizes the literature that 
exists pertaining to the use of refrigerant mixtures. Section 2.3 discusses the available literature on 
internally enhanced tubes. 
2.1 In-tube Condensation 
Much research has been conducted on in-tube condensation in the past. The behavior of 
pure refrigerants in smooth tubes has been studied in depth, as any textbook on heat transfer 
shows. Correlations have been presented by many researchers to predict both average and local 
heat transfer and pressure drop in single round horizontal tubes. It is also known that the behavior 
of a two-phase fluid is strongly dependent on the flow pattern. 
2.1.1 Flow Regimes in Two-Phase Flow 
One of the characterizations of in-tube condensation is the importance of the flow regime in 
two-phase flow. The flow regime is the method of characterizing the flow of the liquid and gas in 
two-phase flow. As condensation occurs, and the amount of vapor decreases, the flow exhibits 
different characteristics. These characteristics affect both the method and amount of heat transfer. 
Therefore, it is important to have an understanding of these regimes in order to attempt to 
understand the modes of heat transfer. 
In his work on local condensation in horizontal smooth tubes, Dobson et al. [1994] 
presented all of the significant flow patterns, and their behavior. For the work done in the present 
study, the flow regimes that were encountered were the following: stratified, wavy, wavy-annular, 
annular, and annular-misty. These are the regimes that occur when the void fraction is high. The 
flow regime encountered at the lowest mass flow rates, or at low qualities is referred to as stratified 
flow. As the quality and/or the mass flux is increased, the regime changes, until at the highest 
qualities, the refrigerant exhibits an annular-misty flow pattern. These flow regimes are pictured in 
Figure 2.1. 
Each flow regime encountered in two-phase flow exhibits different characteristics. In 
stratified and wavy flow, the majority of the liquid refrigerant is pooled at the bottom of the tube, 
with a thin liquid layer around the top of the tube. In both of these flow regimes, the liquid/vapor 
interfaces are smooth. In wavy flow, the liquid at the bottom of the tube begins to form waves, 
which are caused by the vapor shear. As the flow regime then changes to an annular pattern, the 
liquid in the tube is dispersed around the entire tube wall, with the vapor flow in the center of the 
2 
tube. As the flow next moves' toward misty flow, the liquid.film becomes thinner and thinner, 
with some of the liquid moving into the vapor core in droplets. 
Because of the fact that the flow regime has a strong effect on the heat transfer rate, the 
experimental procedure done in the present study included a visual determination of flow regime. 
2.1.2 Heat Transfer in Smooth Tubes 
The concept of condensation heat transfer has been studied since Nusselt [1916] presented 
his work on a vertical plate. Since then, much research has been done in order to understand the 
behavior that occurs during condensation. The following is a discussion of some of the work that 
has been done in the past on heat transfer inside of smooth tubes. An important part of this 
research has been to develop models that will enable the prediction of the heat transfer coefficient. 
Chato [1962] presented one of the earlier works on condensation in the stratified flow 
regime. Based on experiments with R-113, he was able to predict the heat transfer coefficient with 
a correlat.ion of the fo~lowing form: 
(2.1) 
The correlation in Eq. (2.1) is presented in the form of the Nusselt number, Nu, which is a 
dimensionless parameter used to characterize the heat transfer coefficient. Dimensionless 
parameters are used by many researchers in order to simplify the presentation of the information 
without being bounded by the form of a quantity like the heat transfer coefficient. 
Other researchers have also tried to develop models that match the characterization of a 
certain flow regime. Rosson and Meyers [1965] developed a model that was used to predict the 
heat transfer in an intermittent flow regime, which includes both stratified and wavy flows. Their 
correlation included another dimensionless parameter, the Reynolds number, Re. This Reynolds 
number was used to account for the vapor shear affects. Reasonable agreement was found 
between the mo~el and their experimental data for acetone and methanol. The basis of this model 
is separating the heat transfer at the top and bottom of the tube into separate correlations. The 
correlations for both sections of the tube are presented below. 
'(2.2) 
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Where: 
<PI It ~8 ReI 
1 12 
<P1,lt = 1+- +-
XIt Xft 
(2.3) 
(2.4) 
In the annular flow regime, several different types of modelS have been suggested to 
predict the heat transfer behavior. The type studied here in detail has been the two-phase multiplier 
approach which was first suggested by Dengler and Addoms [1956]. !he two-phase multiplier 
approach uses a single-phase model, as predicted by Dittus and Boelter [Incopera and DeWitt, 
1992], but also uses a multiplier to account for two~phase affects. 
A good example of the two-phase multiplier can be seen in the correlation by Shah [1979]. 
His correlation for annular flow is as follows: 
[ 38 ( X )0.76] Nu = O.023Reo.8 Pr°.4 1 + -' - --I I p O.38 I-
red X 
(2.5) 
The term in the brackets represents the two-phase multiplier used in the correlation and the 
expression in front is the Dittus Boelter correlation for liquid heat transfer. This approach 
predicted the data well in the Shah study, with a mean deviation of 17% between this correlation 
and experimental data with a variety of refrigerants. 
Another work on annular flow was the research of Cavallini and Zecchin [1974]. They 
developed a correlation to predict heat transfer coefficient based entirely on a theoretical approach. 
The result of their work is the following equation: 
(2.6) 
Here, the equivalent Reynolds number, Reeq, has been defined with the following relation: 
( JO.5 Re = Re +Re Jlv £L 
eq I v II 
,..,1 Pv 
(2.7) 
Eq. (2.6) can also be rearranged into a two-phase multiplier form similar to the Shah 
correlation. 
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In a recent work by Dobson et al. [1994], a semi-empirical relation was developed to 
predict a heat transfer coefficient as a function of local flow conditions. This seIT,li-einpirical 
correlation was developed using a wide variety of flow conditions and refrigerants. Its form 
depends on the flow regime, and separate models were developed for wavy and annular flows. 
The wavy flow model is made up of a term to account for both filmwise condensation, which 
occurs on the top of the tube and forced convection in the bottom of the tube. The wavy 
correlation takes the following form: 
_ 0.23Ree~2 [GaprJO.25 
Nu - 058 -- + (1- 8J!n)Nuforced 
1 + 1.11Xtt" Ja 
(2.8) 
Where 
(2.9) 
and 
(2.10) 
Here, the constants CI and C2 are defined as functions of the liquid Froude number, FrI, 
another dimensionless parameter. 
For 0<Frl::;;0.7: 
For Frl>0.7: 
CI =4. 172+5.48Frl-1.564FrI2 
C2= 1. 773-0. 169Frl 
cI=7.242 
c2=1.655 
(2.11) 
(2.12) 
(2.13) 
(2.14) 
The liquid level angle, <1>1' can be related to the void fraction by the following equation, if 
the area occupied by the condensate film is neglected. 
<1>1 sin(2<1>1) a = - - ----'---'---''-'-
n 2n 
(2.15) 
This correlation, Eq. (2.8), was found to predict the data very well, with a mean deviation 
of 6.6%, based on several refrigerants (R-134a, R-22, R-321125, and R-12). 
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The correlation for annular flow is based on the Dittus. Boelter single phase model with a 
two-phase multiplier, to account for two-phase corrections. The annular flow correlation is of the 
following form: 
0.8 0.4[ 2.22 ] Nu=0.023Rel Pr1 1+-0:889 
Xu 
(2.16) 
Here, the dimensionless Lockhart Martinelli number, Xtt, is defined with the following 
equation. 
(2.17) 
The annular flow correlation was also found to correlate well with experimental data, with a 
mean deviation of 4.S%. The choice of whether to use the annular or wavy correlation is based on 
the value of the Froude number, Frso, as defined by Soliman [1986]. Dobson developed his 
correlation with the following criteria. When the mass 'flux is greater than SOO kg/m2-s (367 
klbm/ft2-hr), the annular flow correlation should be used. When the mass flux is below that point, 
the annular correlation should be used in the region where the Soliman Froude Number, Frso, is 
greater than 20. Otherwise, the wavy flow correlation should be used. 
Here the Soliman Froude number is defined by the following expressions: 
For Rel<12S0 
Frso = 0.02SRef.59 (1 + 1.09Xg·039 J1.5 ~ 
Xu Ga 
(2.18) 
For ReI> 12S0 
F =126R Wi(1+1.09Xg.039 J1.5_1_ rso . el 05 Xtt Ga . (2.19) 
2.1.3 Pressure Drop in Smooth Tubes 
Pressure drop in a tube can be broken down into three components: gravitational, frictional 
and acceleration pressure drop. In a horizontal tube, the pressure drop due to gravitation is by 
definition equal to zero. The frictional and acceleration components can be studied separately. 
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LlP smooth = LlP acc + L\P II" (2.20) 
2.1.3.1 Frictional Pressure Drop 
Souza [1995] developed a semi-empirical correlation to predict the frictional pressure drop 
in a smooth tube. This correlation was dc\'\?loped based on the separate flow model developed by 
Tong [1967], and the Lockhart Martinelli parameter, Xu. 
Lockhart and Martinelli [1947] proposed an approach that uses a two-phase multiplier, <l>fo' 
and which postulates that the two-phase pressure drop is equal to the pressure that would be 
experienced by the flow in the liquid phase multiplied by a two-phase multiplier. The two-phase 
multiplier is given by the following equation. 
(2.21) 
The liquid only pressure drop is defined as the pressure drop that would be exhibited by 
flow in an entirely liquid phase. 
(2.22) 
The two-phase multiplier is a function of r, a property index that is defined by the 
following equation. 
( JO.5( JO.125 r = 2..L Ilv 
Pv III 
(2.23) 
This correlation was a correction to the one presented earlier by Souza et al. [1992]. The 
reason for this correction was twofold. First, it was thought that a semi-empirical correlation 
would yield better results than an empirical one. Also, this new correlation was developed based 
on a wider variety of data, including refrigerant mixtures. Therefore, this correction yields a new 
correlation that better fits a wider range of data. 
The previous correlation was found by Dobson et al. [1994] to predict data well for pure 
refrigerants. The mean deviation was found to be less than 20%. The mean deviation for 
refrigerant mixtures was not as good. The error between the data and the old Souza correlation 
was as much as 33%. But the newer correlation was found to predict the Dobson refrigerant 
mixture data much better than the old correlation. The mean deviation between the mixture data 
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and the new Souza correlation was less than 15%. A discussion of using this new correlation for 
refrigerant mixtures is included in Appendix A. 
2.1.3.2 Acceleration Pressure Drop 
The acceleration pressure drop, ~p ace' can be determined by using conservation of 
momentum. The acceleration pressure drop is defined as: 
(2.24) 
The void fraction, ex, is defined as the vapor volume divided by the total volume and can 
be predicted by using the Zivi [1964] model that is based on minimum entropy production. 
(2.25) 
2.2 Refrigerant Mixtures 
The recent trend of using mixtures in refrigeration systems has resulted in new research in 
that area. Refrigerant mixtures can be divided into two categories. Refrigerant mixtures that 
exhibit the same behavior as a pure fluid are called azeotropes or near-azeotropes. However, when 
two or more refrigerants are combined, it is possible for the mixture to act as a non-homogeneous 
refrigerant. This mixture is then referred to as a nonazeotropic, or zeotropic mixture. The behavior 
of zeotropic refrigerants, or zeotropes, will be explained in more detail in Chapter 3 of this report. 
The refrigerant mixture in this present study is a zeotrope, and the literature presented here 
in this review will concentrate solely on zeotropic mixtures. It must be noted that there is a very 
limited amount of research done on R-407c, which is the refrigerant analyzed in this study. 
In the past, a variety of different refrigerant mixtures have been studied in the areas of both 
condensation and evaporation heat transfer and pressure drop. Several different refrigerants as 
well as tube geometries have been examined, including both smooth and enhanced tubes. The 
discussion here will describe research in condensation only. 
2.2.1 Refrigerant Mixtures in Smooth Tubes 
In a recently published review of refrigerant mixture research by Wang and Chato [1995], 
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it was illustrated that there is not a large amount of research in the area of condensation heat 
transfer of refrigerant mixtures. While some researchers have looked into the behaviorpf mixtures 
in vertical smooth tubes, few researchers have looked into the case of condensation of zeotropes in 
horizontal smooth tubes. 
In a theoretical study by Graynard and Conklin [1990], the effect of the varying specific 
heat of a zeotropic mixture was studied. By assuming a polynomial curve for the specific heat of a 
mixture, the researchers were able to examine the fact that, for a zeotrope, the enthalpy difference 
may not always be proportional to the temperature difference. In other words, 
(2.26) 
Another way to deal with this varying specific heat is to break apart the condenser into 
small enough components where the specific heat does not vary in that region. This was the 
approach used in the present study. 
Another analytical condensation study was performed by Lu and Lee [1994]. In this study, 
both the sensible heat transfer and mass transfer were included in the derivation of a model to 
predict the average heat transfer behavior of the mixture. Using this model, good agreement was 
found with the data of Kornota and Stoecker [1985]. The refrigerant used in that study was a 
combination of R-114 and R -12. 
Bivens and Yokozeki [1992] looked at the performance of zeotropic mixtures in both a 
smooth tube condenser and an evaporator. In the evaporator, a model was used to predict the 
amount of mass transfer resistance due to the different refrigerant compositions in the gas and 
liquid. But for a condenser, with a small temperature glide of 4°C (7.2 OF), it was found that the 
mass transfer resistance was negligible. This assumption was not extended to refrigerants with 
much larger temperature glides, as they were not tested in that study. 
The work by Bivens and Yokozeki compared data from Eckels and Pate [1991], to the 
Cavallini and Zecchin [1974] correlation. The refrigerant studied by Eckels and Pate was a mixture 
ofR-22, R-152a, and R-124. The Eckels and Pate study looked at the behavior of R-134a and R-
12 in both smooth and enhanced tubes. Bivens and Yokozeki found that by neglecting mass 
transfer, the mixture data could be accurately predicted by the Cavallini correlation. The maximum 
error for a variety of condenser temperatures was found to be 13.5%. 
The study by Bivens and Yokozeki also included a ternary blend of 30% R-32, 10% R-125 
and 60% R-134a by weight. These are the same components as used in the present study, but at 
different compositions. Bivens and Y okozeki used the Cavallini correlation to predict an average 
heat transfer coefficient for certain conditions. They determined that their data indicated that there 
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should be no significant decrease in the overall heat transfer .coefficient when using refrigerant 
mixtures with small temperature glides (less than 5°C (9 OF)). 
A mixture of R-I13 and R-ll was tested in a smooth tube water cooled condenser by 
Mochizuki and Inoue [1990]. These researchers studied the effects of the variation of the mass 
flux and the composition on the average heat transfer of the mixture and related it to its pure 
components. One important result was the finding that, based on this research, the compositions 
of both the vapor and liquid could be found using Raoult's law. This is an important finding, 
because of the fact that Raoult's law is based on the concept of ideal mixing. By being able to 
apply Raoult's law, the researcher is stating that the R-I13 and R-112 are mixing ideally. 
Although this statement cannot be generalized to all mixtures, or even to all operating conditions, it 
can possibly be extended to other research. 
Another important finding of the work by Mochizuki and Inoue was the fact that they were 
able to generate a correlation that was able to predict the average heat transfer behavior of a mixture 
as a function of flow conditions. The form of the correlation is: 
(2.27) 
Here, the temperature difference, ~T, is the difference between the refrigerant vapor 
temperature and the tube wall temperature. This correlation was found to agree with the data 
within ±8%. 
A more related work on refrigerant mixtures was conducted by Kenney et al. [1994]. The· 
refrigerant studied in this work was a ternary blend of R-32/R-125/R-134a (23/25/52%), which is 
the same mixture as researched in the present study. The apparatus used in the study by Kenney 
was also used in the present study, with minor changes. In this work, the local heat transfer 
behavior of the refrigerant mixture was studied at a variety of flow conditions. The data presented 
in this report was compared to the Dobson correlation. Differences were found between the data 
and the correlation of Dobson. It was found that the Dobson correlation over predicted the data at 
every point. This over prediction was the largest in the wavy flow regime. 
While unable to account for the behavior in the wavy flow regime, Kenney was able to 
modify the Dobson annular correlation to predict the data in the annular flow regime. The modified 
equation is: 
0.8 OA[ 2.22 ] Nu = 0.0192ReJ PrJ 1 + 0.889 
Xtt 
(2.28) 
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It is important to note that in his report Kenney did not account for the variation of 
refrigerant properties with the changing composition that occurs during condensation. This failure 
to use accurate mixture properties can be a possible reason for the failure of the Dobson correlation 
to predict the data accurately. 
2.3 Internally Enhanced Tube Geometries 
In recent years, a variety of researchers have studied the effect of internal enhancements on 
the heat transfer and pressure drop of refrigerants. In a report on the behavior of pure R -134a in 
an internally enhanced tube, Ponchner et al. [1995] described the recent work on a variety of 
enhanced tubes. It is not the purpose of this review to reiterate the literature presented in that 
report. This review will discuss only internally microfinned tubes which have an impact on the 
present study. 
2.3.1 Microfinned Tubes 
A variety of internal enhancements are available which attempt to increase the heat transfer 
performance of heat exchangers on the refrigerant side. One popular enhancement method is the 
use of spiral microfins on the interior surface of the tube: Both pure refrigerants and refrigerant 
mixtures have been studied in these microfinned tubes. In a recent report, Ponchner et al. [1995] 
studied the effect of enhanced tubes when using a pure refrigerant. In this study, the behavior of 
pure R-134a in a 9.52 mm (0.375") o.d. microfinned tube with an 18° helix angle, was compared 
to a smooth tube of the same outside diameter. The overall enhancement was presented as a 
combination of heat transfer enhancement and area enhancement. The area enhancement was a 
result of the increased surface area of the fins. 
Ponchner also compared his data on R-134a to several existing correlations for enhanced 
tubes. Kaushik and Azer [1988] proposed a set of correlations that they tested against several 
pure refrigerants (steam, R-l13, R-l1). These correlations predicted 65% of the data within 
±30%. The correlations give the average Nusselt number in the following form: 
For Fq<1.4: 
O.l98( J-O.l 40 ~ = 2.078 ReO.S07(LlXDi ) ...EL F 0.874F -0.814 
P 113 LI 2 
r1 Pcr 
(2.29) 
For Fq>1.4 
0.198( J-O.140 ~ = 0.391 ReO.S07(LlXDi ) ...EL F 4.742 
P 1/3 e· L 1 
r l Per 
(2.30) 
11 
The parameters used in the correlations given by Eqs. (2.29) and (2.30) are defined below. 
(2.31) 
(2.32) 
(2.33) 
(2.34) 
(2.35) 
The areas used in Eqs. (2.34) and (2.35) are defined in the nomenclature. Kaushik and 
Azer [1990] also presented a general correlation to predict the frictional pressure drop in an 
internally enhanced tube. The form of this equation is as follows: 
For (Afa J > 1.4: 
Afc 
( J3.72 lipf = lips ~~: (2.36) 
For (Afa J < 1.4: 
A fc 
lipf = lips Afa Afa ( JIQ2( J-I.7 
Afc Afn 
(2.37) 
Eqs. (2.36) and (2.37) are also functions of area and pressure terms, which are defined in 
the nomenclature. This correlation was compared to condensation data of steam and R-113. The 
correlation predicted 68% of the data within ±40%. 
Other researchers have proposed correlations in order to attempt to predict the pressure 
drop in a microfinned tube. One of these was given by Sur and Azer [1991], but the model 
presented in their paper was developed for the total pressure drop, and does not give any 
information on local behavior. Because the research done in the present study looks in detail at the 
local behavior of both the pressure drop and the heat transfer, an average pressure drop behavior is 
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not useful here. 
In a paper by Rose [1994], the heat transfer coefficient was studied in a s~,ries of low 
finned tubes. The researcher claimed that the behavior of the heat transfer coefficient could be 
predicted by using a smooth tube correlation, and multiplying by an enhancement constant. This 
enhancement constant 'CAT' was calculated by the following equation. 
(2.38) 
where 
(2.39) 
All of the constants that are used in Eqs. (2.38) and (2.39) are defined in the nomenclature. 
2.3.2 Refrigerant Mixtures in Enhanced Tubes 
There were several researchers who have studied the effect of both enhanced tubes and 
refrigerant mixtures. Once again, the literature discussed here will pertain only to condensation in 
horizontal tubes which are enhanced by the use of internal microfins. One of the earliest works 
found on zeotropic mixtures in micro finned tubes was performed by Koyama et al. [1990]. The 
refrigerant tested in that study was a mixture ofR-22 and R-114. Koyama compared the results of 
testing in a microfinned tube, to a smooth tube, using the experimental data of several other 
researchers. For the most part, Koyama looked at the average heat transfer behavior, and 
compared his data to the following correlation by Fujii and Nagata [1973]. 
Below are the definitions of the parameters used in Eq. (2.40). 
Ph = cp,1 (Tsat - T wi) 
h I -h I v z=o v z=1 
[ ]
0.5 
R = PIIlI 
Pvllv 
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(2.40) 
(2.41) 
(2.42) 
By using Eqs. (2.40) to (2.42), Koyama found that the ~verage heat transfer coefficient for 
the refrigerant mixtures is approximately 20% lower than the pure components in the micro finned 
tube. Koyama also stated that the Fujii correlation can be used to predict the data for both the pure 
and mixed refrigerants in the enhanced tube, but no mean deviation was included in the report. 
Another work on enhanced tube condensation of refrigerant mixtures was performed by 
Sami et al. [1992]. These researchers looked at the average heat transfer behavior of a R-22/R-
152a/R-114 mixture as well as a R-22/R-152a1R-124 mixture. Sami compared his data to a 
slightly modified Fujii correlation. The correlation presented by Sami is as follows: 
(2.43) 
By using Eq. (2.43), Sami was able to predict his data for both refrigerant mixtures with a 
standard deviation of less than 10%. Sami also attempted to predict the pressure drop in the 
enhanced tube, by neglecting acceleration pressure drop, and using a frictional pressure drop 
correlation as proposed by Pierre [1964]. By using this correlation, Sami was able to predict his 
data with a mean deviation of 15%. 
Sami also published later reports, Sami and Schnotale [1993] and Sami et al. [1994], 
which also studied the effect of using enhanced tubes with refrigerant mixtures. Both of these 
papers are just reiterations of the earlier paper. 
This constitutes the available literature on the behavior of refrigerant mixtures in 
micro finned tubes. It is apparent that there is not a lot of published research to compare to the 
present study. It is the hope of this researcher to increase the amount of information on this subject 
with the publication of this study. 
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CHAPTER 3 
ZEOTROPIC REFRIGERANT MIXTURES 
In refrigeration applications, the newest trend is to use zeotropic mixtures as refrigerants. 
With the use of these mixtures, different phenomena and different problems are encountered. 
When two or more pure refrigerants are combined to form a zeotrope, the new mixture can 'exhibit 
characteristics different than its constituents. As a refrigerant mixture changes from all liquid to all 
vapor, the refrigerant compositions in the liquid and vapor phases change. This change of 
composition causes interesting behavior in zeotropic refrigerant mixtures and several points have to 
be taken into account when experimenting with refrigerant mixtures. These include the two-phase 
phenomena, a temperature glide, and property variations. Each of these will be discussed in this 
chapter. 
3.1 Two-Phase Phenomena 
When discussing a refrigerant mixture, it is helpful to look at a temperature-composition, or 
T-x, diagram. For a two component mixture, the T-x diagram can look similar to Figure 3.1. The 
x-axis is the mass fraction of Component A in the mixture, which ranges from zero to one. 
Because there are two components in the mixture, the axis is also the mass fraction of Component 
B from one to zero. 
(3.1) 
The y-axis is the corresponding temperature of the mixture. TA and TB correspond to the 
boiling temperatures of the pure components. As indicated in the figure, the bubble point of a 
zeotropic refrigerant mixture is located between the boiling points of the two components. The 
mixture can exist in one of the following regions: superheated vapor, two-phase, or subcooled 
liquid. The lines that differentiate these regions are called the dew point and bubble point curves 
respectively. The temperature-composition diagram shown in Figure 3.1 is for a constant pressure 
and each pressure has its own slightly different T-x diagram. 
Figure 3.2 illustrates the behavior that occurs as the refrigerant mixture is condensed from a 
superheated vapor to a subcooled liquid. The points on the vertical line indicate the different states 
that occur during condensation, for a given nominal concentration, XA, of component A. When the 
refrigerant mixture exists as a superheated vapor, the corresponding point on the T-x diagram is 
point 1. From here, as the refrigerant is cooled, it reaches point 2, which is the point at which 
some of the vapor begins to turn to liquid. This point is called the dew point. The dew line is the 
combination of dew points for the entire composition range of the refrigerant mixture. 
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As more heat is removed at a constant pressure, more of the vapor begins to turn to liquid. 
At any point in this two-phase region. such as point 3, there exists both liquid and,vapor. The 
important thing here to note is that the composition of the liquid and vapor phases at point 3 are 
different. As can be seen in Figure 3.2. the composition of the vapor is at xv, while the liquid is at 
Xl. Here the temperature of the system operating at this point is Ts. 
As more heat is removed, soon all of the vapor is cooled down to a liquid. This occurs at 
point 4, which is the bubble point. The huhhle point curve is the locus of the bubble points made 
up from the entire range of compositions. I'\ow that the mixture is all liquid, there is no difference 
in the composition. It once again returns to the nominal concentration, XA. As further heat is 
removed, the refrigerant mixture moves into the subcooled region. 
It is possible for a temperature composition diagram to have the shape found in Figure 3.3. 
Here, there exists a composition at which the bubble point curve and the dew point curve meet. At 
this composition, the refrigerant is called an azeotrope, and does not exhibit the same behavior as a 
zeotrope. Here, the compositions in the liquid and the vapor phases do not change. The azeotrope 
acts as a single homogeneous mixture, and does not exhibit the interesting behavior that azeotrope 
does. In the region around the azeotropic composition exist near azeotropic refrigerant mixture 
compositions. With a near-azeotrope, the refrigerant is assumed to act entirely as an azeotrope and 
all zeotropic behavior is assumed negligible. 
3.2 Temperature Glide 
During the ideal condensation of a pure refrigerant, the condensation temperature remains 
constant for a given system pressure. But as one can see from Figure 3.2, the condensation 
temperature of a refrigerant mixture changes during the process of moving from all vapor to all 
liquid. This difference between the liquid and vapor temperatures, Tl and Tv, is called the 
temperature glide. 
The temperature glide is very important in the applied use of zeotropic refrigerants 
mixtures. The glide can be used in order to increase the efficiency of a system that uses a 
refrigerant mixture as the working fluid. In order to understand the importance of the temperature 
glide, it is first necessary to look at the behavior of heat exchangers. 
There are different ways in which a heat exchanger can be built. One way is to have the 
secondary refrigerant directed in a flow perpendicular to the flow of the primary refrigerant. This 
type of heat exchanger is called a cross flow heat exchanger. Another form is to have the 
secondary refrigerant flow parallel to the primary refrigerant, but in the opposite direction. This 
type is called a counterflow heat exchanger. In order to obtain an increase in efficiency with a 
refrigerant mixture, the counterflow design of the heat exchanger must be used. 
In a counterflow condenser, such as the condenser used in this study, the temperature and 
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flow direction of the primary and secondary refrigerants are shown in Figure 3.4. For simplicity, 
the primary refrigerant will be referred to as the refrigerant, and the secondary refrigerant will be 
assumed to be water. As the refrigerant is condensed, the condensing temperature remains 
constant, assuming negligible pressure drop across the condenser. This is the case in an ideal heat 
exchanger. The water stream temperature goes from Tw,i to Tw,o' 
There is inefficiency inherent in this system because of the fact that there are temperature 
differences between the two streams which generate irreversibilities. Even if the condensing 
temperature of the refrigerant was set equal to the outlet water temperature, there would still be a 
temperature difference between the two streams at the water inlet. But this difference can be 
decreased by the use of refrigerant mixtures. Because the condensing temperature changes during 
the condensation process when using zeotropic mixtures, the temperature glide can be taken 
advantage of by matching it to the water temperature rise. This matching can be illustrated by 
Figure 3.5. By selecting the correct refrigerant, and matching the mixture temperature glide to the 
water temperature diff~rence, the inherent inefficiency of the heat exchanger can be reduced. This 
is the primary advantage of using refrigerant mixtures, and can be used to overcome the fact that 
the mixture may not perform as well as a pure refrigerant. 
3.3 Property Variations 
As mentioned in Section 3.1, a zeotropic refrigerant mixture undergoes significant changes 
during the condensation or evaporation of the refrigerant. For instance, the composition in the 
vapor and liquid phases, as well as the temperature of the liquid and the vapor are different. 
Because of these differences, the properties of the refrigerant are more complex to predict than for 
a pure refrigerant. 
For a pure refrigerant in the two-phase regime, the thermodynamic and transport properties 
are functions of temperature only. For instance, for a pure refrigerant, any physical property, X, 
can be represented by the following function: 
(3.2) 
But, because of the zeotropic behavior and the fact that there exist differences in the vapor 
and liquid phases, these refrigerant mixtures have properties that are a function of both temperature 
and quality. This can be represented as: 
(3.3) 
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In the past, the refrigerant properties have been represented with polynomial curve fits as a 
function of the system temperature. But, because of this dual dependence of zeotropic properties, 
the refrigerant mixtures had to be dealt with in a more complex manner. 
The first step in determining the properties of the zeotrope was to find data on the mixture 
properties, which were provided by the refrigerant manufacturer. In those data, the thermodynamic 
and transport properties of the mixture were given as functions of temperature and pressure. In 
reality, what was needed for this research was the change in refrigerant properties with temperature 
and quality. In order to determine these relations, temperature-composition (T-x) data for a variety 
of pressures were needed and were also provided by the refrigerant manufacturer. For a two-
component mixture, this information can be presented in the form of a two dimensional T-x 
diagram similar to Figure 3.1. But, the zeotropic mixture tested here actually has three 
components, and therefore could not be analyzed with three-dimensional graphics. Instead, this 
information is given in tabular form in Table 3.1. 
The temperature-concentration information for the three-component refrigerant mixture was 
used to determine how the concentrations of the three components varied in both the liquid and 
vapor phase during condensation. Table 3.1 gives these variations in each phase for an average 
saturation temperature of 35°C (95 OF). From Table 3.1, one can see that during the full 
condensation of the mixture, the composition of each of the three constituent refrigerants varies 
quite a bit in both the liquid and vapor phases. At the combination of compositions found in Table 
3.1, the local properties of the mixture were found by using a property determination software 
package by NIST [1992]. 
The results of this analysis are given in Table 3.2 where the percent differences between the 
most extreme concentrations are given for each property. As seen in this table, the majority of the 
physical properties varied by less than 4% during the condensation process, despite the large 
change in the concentrations of the mixture components. Consequently, for these properties, the 
values were approximated as simply functions of pressure and not concentration. For instance, the 
liquid enthalpy was approximated by the following equation: 
(3.4) 
The independent property used in the estimation of these properties was pressure, which 
was used in place of temperature because of the fact that for any experiment, the condensation 
temperature of the system did not remain constant. The condenser temperature changed with the 
temperature glide mentioned in Section 3.2, and therefore the system pressure, a constant, was 
used in its place. 
Harder to model were the remaining properties that did vary with concentration. For these 
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properties, the following simplification was implemented .. Over a small quality change, the 
properties were assumed to remain constant in that region. Based on this assumgtiori, these 
properties could be modeled as simply functions of pressure in that region, and curve fits could be 
generated for those properties at each quality increment. These curve fits were generated using 
manufacturers data and the REFPROP software from NIST. 
By making the assumptions and simplifications mentioned above, the actual behavior of the 
refrigerant properties was modeled. In making these approximations, a small error has been 
introduced into the calculations, but this error is relatively small, and does not have a large effect 
on the results of these experiments. Now that the refrigerant mixture behavior has been broken 
down into its important factors, this information can be used in order to analyze the experimental 
data. 
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oncentrations( 0) 
. . .... R.;32 
Nominal 23" 
Liquid (x=O) 23 
Liquid (x=1) 14.9 
Vapor (x=O) 32 
Vapor (x=1) 23 
25 
25 
18.2 
31 
25 
R-134a 
52 
52 
66.9 
37 
52 
Table 3.1: Composition Variations During Condensation at 35°C (95 OF) 
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Percent 
Difference 
Percent 
Difference 
. aporProperties 
Presslire Densit 
-12.51 -8.74 
··iqui4·~~perties .... 
iPt~~sure· 
12.38 -2.25 
-1.87 -2.41 -1.70 1.16 
3.22 2.59 -8.64 2.54 
Table 3.2: Percent Differences in Properties Due to Composition Variation at 35°C (95 OF) 
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CHAPTER 4 
EXPERIMENTAL APPARATUS AND DATA ANALYSIS 
The experiments conducted in this study were performed using the apparatus described in 
detail by Ponchner et al. [1995]. Since that time, there have been only slight modifications to the 
system. Included here is an overview of that experimental apparatus including all modifications. 
Following this description is a summary of the data collection procedures used in these 
experiments. Finally, a description of the analysis of the data is presented. With the use of 
refrigerant mixtures, the analysis of the data is quite different from previous methods and therefore 
will be explained here in some detail. 
4.1 Experimental Apparatus 
The experimental .apparatus consists of a refrigerant loop which includes a water cooled, 
counterflow condenser test section. First, the refrigerant side of the apparatus will be discussed, 
and then the water side. The other component of the apparatus is the data acquisition system which 
will be discussed last. 
4.1.1 Refrigerant Side 
A diagram of the experimental system is shown in Figure 4.1. The refrigerant is circulated 
through the refrigerant loop by a MicroPump three gear, variable speed pump. This pump needs no 
lubrication to run, and therefore allows the testing of pure refrigerants, without the addition of oil 
that is necessary in standard refrigeration systems. The maximum capacity of the pump is 0.459 lis 
(0.77 gpm). This corresponds to a mass flux of approximately 460 kg/m2-s (337 klbmft2-hr). 
The mass flux of the refrigerant is measured immediately after the pump, by either a Micro-
Motion D mass flow meter, or a Max Machinery positive displacement flow meter, depending on 
the flow rate. Flow rates greater than 300 kg/m2-s (220 klbmft2-hr) are measured by the positive 
displacement flow meter, otherwise the flow is measured by the mass flow meter. These two flow 
meters are connected in parallel, and the switching' from one to the other is done by the use of a 
series of ball valves. 
After the pump, the refrigerant is set to the desired conditions by the use of a preheater. The 
preheater consists of a 9.52 mm (0.375") copper tube that is arranged in the configuration shown in 
Figure 4.2. Each pass of tube is wrapped with resistance heater tapes that are used to input heat to 
the refrigerant. By varying the amount of heat added by the heaters, the experimenter can set the 
temperature and quality of the refrigerant mixture at the test section inlet. The amount of heat added 
to the preheater is controlled through the use of a variable voltage transformer (Variac) and a series 
of on/off switches. 
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Immediately after the preheater is a horizontal, adiabatic section. This adiabatic section is 
used to make sure that there is fully developed flow in the test section. The refrigerant,mixture then 
enters the test section which is approximately 0.902 m (35.5 in.) long. At the inlet to the test 
section there is a temperature probe that is lIsed to measure the saturation temperature at that point. 
Also at the test section inlet is a series of tht:rmocouples that are imbedded into the wall of the tubing 
and are used to measure wall surface temperatures. 
At the inlet to the adiabatic section and at the outlet of the test section are sight glasses that 
serve two purposes. First, they allow the experimenter to visually ascertain the inlet and outlet flow 
regimes. These sight glasses also perform a safety function, in that they allow the researcher to be 
able to verify that there is flow at all times. Flow is necessary, because without it, the system could 
possibly burn up. 
Located systematically throughout the test section are thermocouples which measure the wall 
temperatures. They are staggered in such a way as to read both the longitudinal and circumferential 
temperature distributions at the tube wall. A schematic of the thermocouples is shown in Figure 
4.3. The circumferential arrangement of the thermocouples was placed in this manner in order to 
get an accurate reading of the wall temperature. The four circumferential readings were averaged at 
each longitudinal location. 
Located across the test section is a differential pressure transducer. This transducer is used 
to measure the pressure drop across the test section. The placement of the pressure taps is also 
shown in Figure 4.3. From this figure, it is apparent that the pressure drop length is equal to 1.22 
m (48.0 in). 
Absolute pressure transducers are also placed at the test section inlet, the test section outlet, 
at the receiver and before the pre heater. These pressure transducers are used to monitor the system 
pressure during the experiments, and they are also used for leak detection during the experiment 
setup. The transducer at the test section inlet is also used to calculate the inlet saturation temperature 
based on pressure, T sat,i(P). 
After the refrigerant leaves the test section, it is cooled down to a subcooled liquid by an 
aftercondenser and a water to refrigerant heat exchanger. It then passes through a filter and is 
recirculated through the pump. The temperature of the refrigerant in the system is in part controlled 
by the heat input from the preheater to the test section. But the majority of the temperature control is 
obtained by the use of a heated water tank. A receiver is placed into this tank, and by varying the 
temperature of the water in this tank, and the amount of refrigerant that ·flows through this receiver, 
the system pressure can be set to the necessary quantity. 
The test section in this study is a 9.52 mm (0.375") o.d. tube which contains sixty 
trapezoidal fins, that are arranged helically inside the tube at an angle of 18°. The maximum inside 
diameter of the tube is 8.91 mm (0.351 ") and the minimum inside diameter is 8.53 mm (0.336"). 
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The fins have an average height of 0.180 mm (0.007"). Figure 4.4 shows the cross sectio~ of this 
micro finned tube. 
4.1.2 Water Side 
Water is used to condense the refrigerant in the test section. Water is also used in the heat 
exchanger, which is located downstream of the aftercondenser. This water comes from the main 
building supply, and is diverted as necessary. The water supply to the test section is controlled by a 
rotameter, and monitored with a pressure gauge. The water pressure must be maintained at 103 kPa 
(15 psi) in order to guarantee that there is no air in the water piping. 
The water flow rate across the test section is set with a rotameter, and the temperature of the 
water is varied by the use of a water heater. This water heater has a 1.50 kW (5120 Btu/hr) 
capacity and is controlled with a variable voltage transformer (Variac). After the heater, the water 
enters an annulus that is centered around the test section. This annulus is made with a 19.1 mm 
(0.75") o.d. plastic tube. Inside the tube are a series of plastic mixers that are used to swirl the 
flow, and to attempt to maintain a uniform temperature at any longitudinal location. The water 
temperatures at the test section inlet and outlet are measured with thermocouple probes that are 
placed directly in the water stream. After the water exits the test section annulus, it is sent to the 
building waste supply. The water flow rate is measured at the discharge with a graduated cylinder 
and a stopwatch. 
The water side construction used in these tests is identical to that used by Ponchner et al. 
[1995], Dobson et al. [1994], Gaibel et al. [1994] and Kenney et al. [1994]. A complete 
description of the water side can be obtained from any of these reports. 
The entire experimental apparatus including the test section, water section and all the tubing 
is covered with Aramaflex insulation. This is done in order to minimize losses to the environment, 
and also to help the system maintain steady state conditions. 
4.1.3 Data Acquisition System 
The third component of the experimental apparatus is the data acquisition system. This 
system is used to gather and record information from the system. All of the thermocouple and the 
pressure readings are sent to one of two Campbell Scientific multiplexers , and from there are 
collected by a Macintosh IIc computer. This computer uses a National Instruments data acquisition 
board in conjunction with a Campbell Scientific datalogger to read the data. The National 
Instrument Board is also used to record the readings from the mass flow meters. This is done 
because the mass flow rate tends to fluctuate, and the National Instrument Board reads the signals 
much quicker than the Campbell Scientific datalogger. 
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Once all of the data is collected, it is processed and displayed with the use of Labview 2 
software from National Instruments. Some of the data is also analyzed with this softw~re. The rest 
of the data analysis is done on a separate computer with the Excel 4.0 software and using Excel 
macros. 
4.2 Data Collection Procedures 
Once the test section has been placed in the apparatus, and the system is found to be without 
leaks, the experimental data are ready to be run. A variety of conditions are tested in order to 
determine the effects of variable conditions on both heat transfer and pressure drop. The parameters 
that are varied include mass flux and average quality. 
The experiments run here were all at a saturation temperature of approximately 350 C (950 
F). The rest of the test conditions are included in Table 4.1. A total of 42 data points were run and 
analyzed. All of the data is included in Appendix B. The highest mass flux tested was 450 kglm2-s 
(330 klbmtft2-hr), due to the limits of the pump. 
Once the desired conditions have been set, it was necessary to wait until the system has 
reached a steady state. Once this has been reached, the data was collected for approximately five 
minutes. After that, the data was averaged in order to limit the amount of variation in the system. 
4.3 Data Reduction Procedures 
Once the data had been collected, they were analyzed to calculate the desired information. 
The following is an explanation of the reduction process that the data goes through in order to yield 
parameters such as the local heat transfer coefficient, h. First, the equations used in the analysis are 
presented. Next to be discussed is the development of the enhancement and penalty factors. This is 
the method that is used to compare smooth and microfinned tubes. Last to be discussed is the 
uncertainty analysis. 
4.3.1 Heat Transfer Analysis 
The heat transfer information can be determined by.using the recorded information from the 
apparatus, and using equations such as the ones presented below. At the heater inlet, both the 
temperature and pressure of the refrigerant are measured. Using this information, and the property 
curve fits which are presented in Appendix C, the enthalpy at the heater inlet can be calculated from 
the following equation. 
i h . = iI (Ph' ) ,1 ~ 1 (4.1) 
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Now that the heater inlet enthalpy is know, it can be -used to determine the heater outlet 
enthalpy, which is also the test section inlet enthalpy. By using the first law across the heater and 
information about the heater, the following equation can be written: 
(4.2) 
Here, both the mass flow rate and the heater power are recorded values. The loss in the 
heater was calculated during single phase tests, and is approximated as a constant. Once the test 
section inlet enthalpy is known it can be used to determine the inlet quality, from the definition of 
quality. 
i tsi -il(Ptsi ) x -' , 
tS,i - . (P ) 
Ilv tS,i 
(4.3) 
Once again, the curve fits used in these equations are all a function of pressure, because of 
the difference in the temperatures of the fluid along the test section. The test section inlet pressure 
used in Eq. (4.3) was also a recorded value. 
By looking at an energy balance across the test section one can generate the following 
equation: 
(4.4) 
Here, the heat loss in the test section is also known as a result of single phase testing and 
Eq. (4.4) can be rewritten as: 
(4.5) 
Once the heat rejected from the test section is known, it can be used to determine the 
experimental heat transfer coefficient, which is defined with the following equation. 
(4.6) 
In the above equation, the surface area, As, is calculated based on the full surface area, 
including all of the fins. The temperature difference used in Eq. (4.6) is the difference between the 
average saturation temperature and the average inside wall temperature. The wall temperature is 
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calculated by averaging the four axial readings at each longitudinal location, and using that average 
at each longitudinal location. The average saturation temperature is a little harder to gefine. For a 
pure refrigerant, this saturation temperature can be defined with the following equation. 
- (dT) M' T -T·- - --
sat - S,1 dP 2 
sat 
(4.7) 
For a pure fluid, the change in temperature with pressure can be calculated as a full 
derivative. But this is not the case when using a zeotropic refrigerant mixture. Now the change in 
temperature is not only a function of pressure, but also a function of quality. Therefore, for a 
mixture, the saturation temperature is defined with the following equation. 
T = T : _ (e)T) LlP _ (aT) Llx 
sat S,1 ap sat 2 ax sat 2 (4.8) 
Unfortunately, the derivatives in the above equation are not easily determined. Therefore, 
the following procedure was done. At any average quality, the change in temperature with respect 
to pressure was determined, so that Eq. (4.9) can be used to determine the average saturation 
temperature for a mixture. 
T -T (dT) LlP 
sat - s,i - dP 2 
sat x 
(4.9) 
The values for the derivative in Eq (4.9) are included in Appendix C. These were 
determined by using both data from the refrigerant manufacturer and by using REFPROP, a 
computer software program from NIST [1992]. 
By using Eqs. (4.1 )-(4.9), and the recorded values from the apparatus, all of the necessary 
calculations can be done in order to determine the experimental heat transfer coefficient. 
4.3.2 Enhancement and Penalty Factors 
One aspect of this research was to study how the microfinned tube enhanced the heat 
transfer. One way in which to do this is to compare the behavior of the enhanced tube to that of a 
similar smooth tube. Because of this, it is important to look at certain enhancement parameters. In 
this report, the enhancement factor will be defined as the ratio of the heat transfer of the enhanced 
tube to the heat transfer of a smooth tube of the same outer diameter, operating at the same 
conditions. 
30 
EF = (C?microfin J 
Qsmooth same cOT1JillllT1' 
(4.10) 
Here, the heat transfer rate for the \\\'0 tube geometries can be defined with the following 
equations. 
(4.11) 
Qsmooth = hsmoothAsmooth~T (4.12) 
It is apparent that the overall enhancement can be broken down into the actual enhancement 
due to increased heat transfer, and the enhancement due to the increased area due to the addition of 
the microfins. The enhancement factor can be represented as the heat transfer enhancement 
multiplied by the area enhancement ratio. For the tube tested here, this area ratio was calculated as 
1.62. 
EF = (hmicrofin J( Amicrofin J 
hsmooth Asmooth 
(4.13) 
The heat transfer coefficient for the comparable smooth tube was calculated by using a 
modified Dobson correlation, presented in detail in Chapter 5, which includes the results and 
discussion about this study. 
Along with the heat transfer enhancement of the microfinned tube, there is also a penalty 
factor due to the increased pressure drop generated by the fins. Here, the penalty factor is defined 
as the ratio of the pressure drop found in the microfinned tube to the pressure drop of a smooth tube 
of the same outer diameter, operating at the same conditions, over the same length. 
( ~P. f' J PF = Ill1cro III ~P smooth same length (4.14) 
The corresponding pressure drop for the smooth tube was calculated using the correlation 
proposed by Souza [1995]. This correlation takes into account both frictional and acceleration 
pressure drops. 
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4.3.3 Experimental Uncertainty 
The analysis of data cannot be complete without a discussion of the uncertainty in the data. 
In his report on similar experiments, Dobson et al. [1994] did a full and complete analysis on the 
uncertainty in the system. Because of the fact that the system used by Dobson in his experiments is 
almost identical to the system used here, it will be assumed that the uncertainty calculated for his 
system is the same as for the present study. 
Dobson, using a procedure described by Moffat [1988], was able to calculate the uncertainty 
in the heat transfer coefficient by using a method that estimates the uncertainty of a variable y that 
depends on N independent variables. The uncertainty in y is given with the following formula. 
(4.15) 
There are several variables whose uncertainty must be included in this analysis. The error in 
the measurements of pressure, temperature, heat input and flow rates as well as the error in the data 
acquisition should all be included. Using Eq. (4.15), and the variables mentioned above, the error 
in the heat transfer coefficient was calculated. For a more detailed uncertainty analysis, see the 
report by Dobson et al. [1994] 
Each of the uncertainties in the system were calculated using the same approach. Using this 
approach, the uncertainty in the heat transfer coefficient was determined to vary between 5 and 15% 
depending on the conditions that were being tested. The majority of the uncertainty was found to be 
a result of the uncertainty in the temperature measurements. Temperatures were measured with 
thermocouples that were calibrated with a constant temperature bath, but were still found to have an 
uncertainty of 0.1 °C (0.18 OF). Here, the temperature differences measured were approximately 3 
°C (5.4 OF). 
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Test ·Pa:r~meter 
."... ':,.:<;,:. .<: 
. Range. . .... , 
Saturation Temperature 35°C (95 OF) 
Quality 10-90% 
Mass Flux 75-450 kglm2-s (55-330 klbm/ft2-hr) 
Refrigerant R-321R-1251R-134a (23/25/52%) 
Tsat-Twall 3 °C(5.4 OF) 
Table 4.1 Test Conditions 
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CHAPTER 5 
RESUL TS AND DISCUSSION 
,i. 
This chapter will present the results of the present study, and discuss the findings. The 
results of using a zeotropic refrigerant mixture in an enhanced tube will be discussed and then 
compared to the behavior of the same refrigerant in a smooth tube, in relation to both heat transfer 
and pressure drop. Next, the behavior of this zeotropic mixture will be compared to the behavior of 
both a pure refrigerant and a near-azeotropic mixture, all in the same enhanced tube. 
5.1 Heat Transfer Results 
In the present study, the effect of the varying flow conditions on the heat transfer 
coefficient was studied. Presented here will be the heat transfer results in terms of the Nusselt 
number, Nu, the dimensionless heat transfer ratio. The heat transfer results in both a smooth tube 
and a mic~ofinned tub~ will be discussed. The smooth tube data presented in this report is the data 
taken by Kenney et al. [1994] in a 9.52 mm (0.375") o.d. smooth tube. After discussing the 
behavior of the refrigerant in each tube, the two tubes will then be compared to each other. 
5.1.1 Heat Transfer Behavior in the Microfinned Tube 
Figure 5.1 is a plot of the Nusselt number as a function of quality, and shows the results 
for all of the mass fluxes tested. From this figure, one can differentiate several trends that occur in 
the data. One trend is that as the mass flux increases, the heat transfer coefficient also increases, 
and this holds true for the entire quality range. Another obvious trend in the data is that, for all of 
the mass fluxes tested, the heat transfer increases as the quality increases. These trends are also 
shown in the smooth tube data for pure and near-azeotropic refrigerants taken previously, as seen 
in reports by Dobson et al. [1994] and Gaibel et al. [1994]. 
But it is important to note that Ponchner et al. [1995] found that, when testing R-134a in a 
microfinned tube, at the higher mass fluxes there was almost no increase in heat transfer as the 
mass flux increased. Although the increase in heat transfer with quality was not as large as at the 
smaller mass fluxes, the increase is apparent in this experiment. These trends can be seen in 
Figures 5.2 and 5.3, which are plots of the Nusselt number versus quality for both the high and 
low mass fluxes respectively. 
For all of the mass fluxes tested, the relationship between the dimensionless heat transfer 
coefficient and quality seems to be linear. At low mass fluxes, as seen in Figure 5.2, the heat 
transfer coefficient rises slightly with quality, but as the mass flux is increased, the effect of quality 
becomes more pronounced, and there exists a steeper increase in the heat transfer coefficient as 
quality increases. This trend can be explained by the fact that at lower mass fluxes, the 
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predominant flow regime is wavy, which is characterized by th(( majority of the refrigerant existing 
in a liquid layer at the bottom of the tube. In this regime, the primary mode of heat transfer is 
,. 
between the wall and the thin layer of liquid on the tube wall. The depth of the liquid pool as well 
as the thickness of the condensate layer on the tube wall changes very little with quality (see 
Appendix C, Dobson et al. [1994]). This pooled layer is rather thick and therefore, changing the 
quality will only have a slight effect on the heat transfer coefficient. 
At the higher mass fluxes, the relationship between the heat transfer coefficient and quality 
seems to remain constant. The slopes of all three curves in Figure 5.3 seem to also increase with 
mass flux. In general, the slope of all of these curves are definitely increasing with mass flux. 
This trend occurs because at the higher mass fluxes the predominant flow regime is annular which 
is characterized by a thin liquid layer that lines the tube wall. As the quality is increased, this thin 
liquid layer becomes even thinner and therefore, has a greater effect on the heat transfer. 
Figures 5.4-5.9 illustrate the heat transfer behavior as a function of quality at each of the 
mass fluxes tested. The lowest mas flux tested was 75 kg/m2-s (55 klbm/ft2-hr), and the results 
for this mass flux are shown in Figure 5.4. At this mass flux, the Nusselt numbers are quite low, 
with a very gradual increase with quality. As the mass flux is doubled to 150 kg/m2-s (110 
klbm/ft2-hr), Figure 5.5 shows that the Nusselt numbers for this mass flux are almost doubled 
also. For this mass flux, the relationship between the Nusselt number and quality is almost 
perfectly linear. At a mass flux of 225 kg/m2-s (165 klbm/ft2-hr), which is in the middle of the 
mass flux range tested in this study, the curve of Nusselt number versus quality is once again 
nearly linear, with the data point at the lowest quality tested being slightly low (Figure 5.6). 
In this study, the higher mass fluxes tested were 300 to 450 kg/m2-s (220-330 klbm/ft2-
hr). At a mass flux of 300 kg/m2-s (220 klbm/ft2-hr), several data points were repeated, but they 
all were found to lie on the same curve as shown in Figure 5.7. At a mass flux of 400 kg/m2-s 
(295 klbm/ft2-hr), the Nusselt numbers here are quite high, ranging from approximately 225 at the 
low quality end to 475 at the highest quality tested (Figure 5.8). The heat transfer results of the 
highest mass flux tested, 450 kg/m2-s (330 klbm /ft2-hr), are shown in Figure 5.9, where the 
highest measured Nusselt number was approximately 550, which corresponds to an average 
quality of 0.87. 
5.1.2 Heat Transfer Behavior in a Smooth Tube 
The refrigerant used in this study, R-407c, was studied previously in a smooth tube of the 
same outside diameter as the test section in this study by Kenney et al. [1994]. As mentioned 
previously in this report, several simplifications were used in the analysis of that data. In order to 
accurately compare that data to the microfinned tube studied here, several changes had to be made 
to that simplified data. For instance, the variation of the zeotropic mixture properties mentioned in 
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Chapter 3 needed to be taken into account, as they were not done by Kenney. The other difference 
in the analysis was in the definition of the driving temperature difference. In this report,,the"driving 
temperature difference was defined as the difference between the saturation temperature and the 
wall temperature. 
~T = Tsat -Tw (5.1) 
Figure 5.10 shows how the modified data compares to the original values calculated by 
Kenney. The quality at each modified data point is slightly less than the original point, due to more 
precise curve fits for the enthalpies which are used in the calculation of the average qUality. Also, 
each modified data point has a slightly lower Nusselt number than the original data. This 
difference becomes more apparent as the quality is increased. This trend is due to the fact that as 
the quality increases, the difference between the liquid and vapor properties grows, but this 
behavior was not taken into account in the original analysis of the data. 
It is important to note that the two sets of information in Figure 5.10 are actually the same 
data, that were analyzed with slightly different procedures. The data can take different values, 
depending on how the heat transfer coefficient was defined by the researcher, and how the 
properties are defined. This is something important to be taken into account when comparing 
different experimental results. 
The original and modified data from the study by Kenney is included in Appendix D of this 
report. The data that were used from that report included only three mass fluxes, which 
correspond to the three mass fluxes that were used by both Kenney and by this researcher. These " 
mass fluxes are 75, 150 and 300 kg/m2-s (55, 110 and 220 klbm/ft2-hr). 
5.1.3 Comparison Between the Smooth and Microfinned Tubes 
At the three mass fluxes tested in both the smooth and microfinned tubes," one can directly 
compare the heat transfer results using the data. These comparisons can be seen in Figures 5.11-
5.13. At the lowest mass flux of 75 kg/m2-s (55 klbm/ft2-hr), Figure 5.11 illustrates that at the 
lower qualities, there is not a large difference between the results for the smooth and enhanced 
tubes. But as quality is increased at this mass flux, the heat transfer results for the enhanced tube 
show more of an improvement over the smooth tube. 
As the mass flux is increased to 150 kg/m2-s (110 klbm /ft2-hr) it is apparent that the 
enhanced tube performs significantly better than the smooth tube, even at the low qualities. In 
Figure 5.12, the relation between the Nusselt number and quality for the enhanced tube is nearly 
linear, while the slope of the smooth"tube relation seems to be decreasing. The behavior of the 
refrigerant at the highest mass flux that was tested in both studies is illustrated in Figure 5.13. 
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Here, the smooth and enhanced tubes both seem to have a nearly linear relation between the 
Nusselt number and the quality but the enhanced tube has a significantly better performance across 
the entire quality range. 
5.1.4 Development of a Correlation for a Zeotropic Mixture 
The above discussion of the heat transfer behavior in both a smooth and enhanced tube was 
a direct comparison of data taken in each tube. This comparison would be more complete though 
if a smooth tube correlation could be used in order to compare the smooth tube data to the 
microfinned data at the same conditions. In the following sections, a correlation will be developed 
that will allow for this type of comparison. 
In his report on the original smooth tube data, Kenney compared his experimental heat 
transfer results with the Dobson et al. [1994] correlation. In the annular flow regime, Kenney was 
able to use a modified Dobson correlation in order to predict his data relatively well. The Dobson 
equation was modified by multiplying it by a constant. But, in the wavy flow regime, Kenneywas 
not able to make a similar comparison. Using the corrected data from Kenney, the zeotropic 
refrigerant in the smooth tube was once again compared to the Dobson correlation. 
Figure 5.14 is a plot of the smooth tube data versus the Dobson correlation for a mass flux 
of 75 kg/m2-s (55 klbm/ft2-hr). It shows that the Dobson correlation still over-predicts the 
zeotropic mixture results at each quality point. At this mass flux the Dobson correlation used is the 
one for wavy flow, and is significantly higher than the smooth tube data. The results of the higher 
mass flux of 150 kg/m2-s (110 klbmlft2-hr) are shown in Figure 5.15. Here, while the Dobson 
correlation still over predicts the data over the entire quality range, the difference between the data 
and the predicted values seems to decrease as the mass flux in decreased. 
At a mass flux of 300 kg/m2-s (220 klbm/ft2-hr), the relation between the data and the 
prediction shows some interesting behavior. At the lower qualities tested, the Dobson correlation 
seems to accurately predict the data. But at the higher qualities, the prediction once again over 
predicts the data by a wide margin. This abrupt difference can be explained by the change in the 
flow pattern. At this mass flux, the low quality points exhibit wavy flow while the higher quality 
points are in annular regime. The abrupt change can be taken into account with the use of two 
different models, one for wavy flow, and one for annular flow, to predict the behavior at this 
mass flux. 
The above behavior can be used in order to develop a correlation to predict the smooth tube 
data. It can be combined with the fact that the difference between the data and the Dobson 
correlation seems to grow with increasing mass flux. Using this information, a modified Dobson 
correlation was generated for both the wavy and annular flow regimes, in order to accurately 
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predict the zeotropic data. The forms of these correlations .as developed with a least squares 
analysis are given below. 
( G )(U NUwavy,zeotrope = 300 l'\uwavy,Dobson (5.2) 
( G )0.3 NUannnular,zeotrope = 0. 7 300 NUannular,Dobson (5.3) 
The mass flux, G, used in Eqs. (5.2) and (5.3) must be in SI units in order to use these 
correlations. This modification to the Dohson correlation is approximately the same form as used 
by Kenney, because at each mass flux, the correction to the Dobson correlation is a constant, but 
this constant is different depending on the flow regime that is observed at that point. The important 
aspect to recognize here is that the zeotropic refrigerant exhibits different behavior in the different 
flow regimes, and that the zeotrope has a different relation between Nusselt number and mass flux 
than pure refrigerants and near-azeotropic mixtures. 
Using Eqs. (5.2) and (5.3) and implementing the same criteria on the model as presented 
by Dobson et al. [1994] and listed in Chapter 2 of this report, the modified correlation was 
generated to predict zeotropic performance in a smooth tube. This new correlation matches the 
smooth tube data of Kenney, as seen in Figures 5.17-5.19. For each mass flux, the modified 
Dobson correlation seems to predict the smooth tube data very well, except for the very high and 
very low qualities. This information needs to be taken into account when implementing this 
model. 
Also needed to be taken into account is the fact that this model is not complete, because of 
the relatively small amount of data that was used to generate the curves, and the fact that the 
modification is not in dimensionless form. In the future, a more complete correction can be added 
to the Dobson correlation with more data, and recognizing the fact that correlations need to be 
presented in dimensionless form. Actually, the above correlations can be interpreted as 
dimensionless if one assumes that the 300 represents Go, a reference mass flux. The modified 
correlations presented here can be used as a relatively accurate prediction of the smooth tube 
behavior of R-407c. 
5.1.5 Discussion of the Enhancement Factor 
Now that there exists a smooth tube correlation for the zeotropic data, one can directly 
study the enhancement that the microfinned tube yields, in relation to a smooth tube. Once again, 
the enhancement factor is the ratio of the heat transfer coefficient of the enhanced tube to that of the 
smooth tube, multiplied by the area ratio of the enhanced to the smooth tube. 
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Figure 5.20 is the plot of the enhancement factor as a function of quality for all of the mass 
fluxes. This figure shows that through the entire mass flux range, the enhancement f,~ctor varies 
from a little over 1.0 to almost 3. Figures 5.21-5.26 show the effect that the quality has on the 
enhancement factor at each mass flux tested. At the lowest mass flux of 75 kg/m2-s (55 klbm/ft2-
hr) the enhancement value remains approximately constant with quality, at a value of about 1.2, as 
seen if Figure 5.21. Here the entire mass flux is in the wavy flow regime where the liquid pooled 
at the bottom of the tube is relatively thick, even at the highest qualities, and therefore, the 
microfins are not very effective. This is the reason that the enhancement factor is less than the area 
ratio of 1.62. An enhancement factor of less than 1.62 seems to corresponds to a decrease in actual 
heat transfer enhancement, but is more likely due to the a decrease in the effective heat transfer area 
due to the deep liquid pool covering the bottom of the tube. 
In Figure 5.22, the behavior of the enhancement factor is illustrated at a mass flux of 150 
kg/m2-s (110 klbm/ft2-hr). Here, the enhancement factor is approximately 1.4 at the lowest quality 
tested, but increases with quality until at the very highest quality, the enhancement factor 
undergoes a very sharp increase. This increase may be due in part to the inaccuracy of the 
modified Dobson correlation at very high qualities but is mostly due to the real behavior of 
zeotropic refrigerant. This behavior can also be seen in Figure 5.23 at a mass flux of 225 kg/m2-s 
(165 klbm/ft2-hr). Here, the enhancement factor once again increases with quality, reaching a 
value of almost 2.2 at a quality of approximately 90%. At this mass flux, except for the lowest 
quality point, all of the enhancement factors are well above the area ratio value of 1.62. 
As the mass flux increases to 300 kg/m2-s (220 klbm /ft2-hr), the enhancement factor 
remains relatively high, with values ranging from approximately 1.8 to 2.2 as shown in Figure 
5.24. Here, the higher enhancement values are found at the lower qualities, with an abrupt 
decrease between 40 and 60% quality. This shift corresponds to a change in the flow regime from 
wavy to annular. This shift is more pronounced in Figure 5.25 at a mass flux of 400 kg/m2-s (295 
klbm/ft2-hr). Here the shift from wavy to annular flow, and the shift from the higher to lower 
enhancement values is found in the 40 to 50% quality range. This shift is once again illustrated at 
the highest mass flux of 450 kg/m2-s (330 klbm /ft2-hr), as seen in Figure 5.26. Here the shift 
from annular to wavy is below a quality of 40%. At this mass flux, the enhancement values are 
once again quite low, with values ranging from approximately 1.8 to 1.3. 
In summary, the amount of enhancement that the microfinned tube exhibits in comparison 
to a smooth tube of the same size is a function of quality, mass flux and flow regime. These 
relations are not simple or linear, but are very situational, and are not easily modeled. But the 
above discussion should give some insight to how a zeotropic mixture in a microfinned tube can 
increase the amount of heat transfer for a system that uses this tube as a replacement for a smooth 
tube. 
42 
5.2 Pressure Drop Results 
The pressure drop in a microfinned tube can be as important as the heat transfer,behavior. 
In Figure 5.27, the pressure drop per unit length is shown as a function of quality for the three 
highest mass fluxes tested. For the lower mass fluxes, the recorded pressure drop was within the 
uncertainty of the differential pressure transducer, and therefore is not presented here. It is 
apparent that as both the mass flux and the quality are increased, the pressure drop also increases. 
The behavior for the two highest mass fluxes of 400 and 450 kg/m2-s (295 and 330 klbm/ft2-hr) 
are almost identical. For those mass fluxes, the pressure drop per unit length ranges from 
approximately 1.8 to almost 8 kPa/m (0.08 to 0.35 psi/ft). For all three of the mass fluxes shown 
in Figure 5.27, the relation between pressure drop and quality is nearly linear. 
5.2.1 Pressure Drop in the Smooth Tube 
In the report by Kenney et al. [1994], the "smooth tube data in the 9.52 mm (0.375") o.d. 
tube was compared to the frictional pressure drop correlation presented by Souza et al. [1992], but 
good agreement between the two was not found. After the report by Kenney was published, 
Souza [1995] published a new correlation to be used to predict the frictional pressure drop of both 
pure and mixed refrigerants, including zeotropic mixtures. Because of its ability to accurately 
predict mixture behavior, the newer Souza correlation should be used in comparison with the 
smooth tube data from Kenney. 
Figure 5.28 shows how well the newer Souza correlation predicts the smooth tube 
frictional pressure drop for R-407c. The only available pressure drop data that corresponds to data 
in the enhanced tube was at a mass flux of 300 kg/m2-s (220 klbm/ft2-hr). At this mass flux, the 
Souza correlation predicts the pressure drop very well at the lower qualities, and as the quality is 
increased, the Souza prediction under-predicts the data. 
5.2.2 Penalty Factors for a Zeotropic Refrigerant 
One way in which to compare the pressure drop behavior of the smooth tube to an 
enhanced tube is to look at a direct comparison of the data. This comparison can be seen in Figure 
5.29 at a mass flux of 300 kg/m2-s (220 klbm/ft2-hr). Here the pressure drop in the microfinned 
tube is only slightly higher "than in the smooth tube at each point. But this graph is not very 
conclusive because the points in this figure cannot be accurately compared to each other because of 
the fact that these data points were taken at entirely different flow conditions. So, instead, the 
development of a pressure drop correlation allows the researcher to make a more accurate 
comparison between the smooth and enhanced tubes at the same conditions. 
By implementing the Souza correlation, the penalty factor, PF, due to the use of the 
microfinned tube could be calculated and studied as a function of flow conditions. Once again, the 
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penalty factor is the ratio between the pressure drop in the enhanced tube to the pressure drop in the 
smooth tube over the same length. ! 
The behavior of the penalty factor with quality and mass flux can be seen in Figure 5.30. 
In this figure, the penalty factor for a mass flux of 300 kg/m2-s (220 klbm/ft2-hr) has a high value 
of approximately 6 at the lowest quality value, but decreases rapidly with quality. The same 
behavior can also be seen at the higher mass fluxes, but as the mass flux increases, the penalty 
factor decreases, for the entire quality range. This result is slightly different than found when 
testing with R-134a in an enhanced tube. For that refrigerant, Ponchner et al. [1995] found that 
the penalty factor has only a slight dependence on both mass flux and qUality. 
5.3 Discussing the Behavior of a Zeotropic Refrigerant 
In the previous sections, the behavior of the refrigerant in the enhanced tube was compared 
to the behavior of the same refrigerant in a smooth tube. This is one way in which to look at the 
result of using an enhanced tube, but there are ways in which to look simply at the result of using 
this specific refrigerant. One such method is to compare the heat transfer behavior to that of the 
pressure drop, which is accomplished by comparing the enhancement and penalty factors. Another 
excellent way to study the behavior of this refrigerant is to compare its behavior to that of other 
refrigerants in the same tube. 
5.3.1 Relating the Enhancement and Penalty Factors 
A complete analysis of the behavior of an enhanced tube must include a comparison 
between the enhancement and penalty factors, and the determination of where the micro finned tube . 
has the most enhancement with the smallest pressure drop penalty. At the lower mass fluxes, the 
penalty factor is approximately zero, because of the fact that the pressure drop in the enhanced tube 
is too small to be recorded at those conditions. But at mass fluxes of 300 kg/m2-s (220 klbm/ft2-
hr) and higher, the enhancement and penalty factors can be directly compared. In Figure 5.31, the 
enhancement and penalty factors are shown as functions of quality for a mass flux of 300 kg/m2-s 
(220 klbm/ft2-hr). At this mass flux, the lowest penalty factors are found at the higher qualities, 
but this is also where the lower enhancement factors are. This behavior also occurs at the two 
highest mass fluxes of 400 and 450 kg/m2-s (295 and 330 klbm/ft2-hr) as seen in Figures 5.32 and 
5.33. 
The interpretation of the comparison between the enhancement and penalty factors must 
also take into account the type of system being used. For instance, in some refrigeration or air 
conditioning systems, the increase in heat transfer may not be worth the increased pressure drop 
that accompanies it and in other systems, the opposite may be true. So, when using a zeotropic 
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mixture in an enhanced tube, the specific use of the system must also be taken into account when 
determining the optimum flow conditions at which to operate. 
5.3.2 Comparison of a Zeotropic Mixture to Other Refrigerants 
Another way to look at the behavior of the zeotropic refrigerant is to compare it to the 
behavior of other refrigerant is the same enhanced tube, In this microfinned tube, testing has been 
done on both a pure refrigerant, R-134a, by Ponchner et al. [1995] and a near-azeotropic mixture, 
R-321R-125, by Sweeney et al. [1995]. The test conditions for these two refrigerants are the same 
as for the refrigerant in this study, except for the driving temperature difference. In the testing of 
R-134a and R-321R-125, the temperature difference between the refrigerant and the test section 
wall was maintained at 2 °C (3.6 OF), while it was maintained at 3 °C (5.4 OF) for the testing in this 
study. Dobson et al. [1994] found that a change in this temperature difference caused a change in 
the heat transfer results at certain flow regimes. Because of this, the comparison between these 
three refrigerants will not be entirely accurate. Instead, this comparison will be used to illustrate 
the trends in the behavior of the different refrigerants and to compare their relative values. 
Figure 5.34 shows how the Nusselt number varies as a function of quality for all three of 
the refrigerants at a mass flux of 75 kg/m2-s (55 klbm/ft2':hr). It is apparent that the pure R-134a 
yields the highest heat transfer results at this mass flux, but the near-azeotropic mixture also seems 
to perform significantly better than the zeoti-opic refrigerant. But, it is important to note that all 
three refrigerant seem to follow the same, almost linear trend with qUality. This is also true at a 
mass flux of 150 kg/m2-s (110 klbm/ft2-hr), as seen in Figure 5.35. Here, the behavior of the 
near-azeotropic mixture is similar to that of the pure refrigerant. As mass flux is increased to 225 
kg/m2-s (165 klbm/ft2-hr), the heat transfer behavior of the R-321R-125 is almost equal to that of 
the R-134a, except at the very highest quality point. Figure 5.36 also shows that the heat transfer 
values of the zeotrope seems to be approaching that of the pure refrigerant and the near-azeotropic 
mixture at this mass flux. This trend becomes more apparent as the mass flux increases to 300, 
400 and 450 kg/m2-s (220, 295 and 330 klbm/ft2-hr) as seen in Figures 5.37 to 5.39. 
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Figure 5.2: Effect of Quality on Nusselt Number for the Low Mass Flux Cases 
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Figure 5.4: Nusselt Number Versus Quality for 0=75 kg/m2-s (55 klbm/ft2-hr) 
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Figure 5.5: Nusselt Number Versus Quality for G=150 kg/m2-s (110 klbm/ft2-hr) 
600 
SOO 
Z 400 
~ 
.D 
E 
:: 300 Z 
~ 
d) 
'" 
'" Z 200 
100 
o 
Nu=87.Sl +3l6.34*x 
o 
o 0.2 0.4 0.6 0.8 
Average Quality, x 
Figure 5.6: Nusselt Number Versus Quality for G=225 kg/m2-s (165 klbm/ft2-hr) 
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Figure 5.7: Nusselt Number Versus Quality for G=300 kg/m2-s (220 klbm/ft2-hr) 
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Figure 5.8: Nusselt Number Versus Quality for G=400 kg/m2-s (295 klbm/ft2-hr) 
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Figure 5.10: Nusselt Number Versus Quality for Original and Modified Smooth Tube Data 
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Figure 5.12: Nusselt Number Versus Quality for the Smooth and Microfinned Tubes 
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Figure 5.13: Nusselt Number Versus Quality for the Smooth and Microfinned Tubes 
G=300 kg/m2-s (220 klbm/ft2-hr) 
300 I I I I 
0 Smooth Tube Data 
250 f- A Dobson Correlation -
... 
::> 200 Z A -
..: ... 
<1l 
.0 
E A 
::> 150 ... -z 0 
-' A 0 0 03 
</l 
... O. </l 
::> 100 f- 0 Z 0 
0 
50 0 -
0 I I I I 
0 0.2 0.4 0.6 0.8 
Average Quality, x 
Figure 5.14: Comparison Between Smooth Tube Data and Dobson Prediction 
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Figure 5.15: Comparison Between Smooth Tube Data and Dobson Prediction 
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Figure 5.16: Comparison Between Smooth Tube Data and Dobson Prediction 
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Figure 5.17: Comparison Between Smooth Tube Data and Modified Dobson Prediction 
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Figure 5.18: Comparison Between Smooth Tube Data and Modified Dobson Prediction 
G=150 kg/m2-s (110 klbm/ft2-hr) 
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Figure 5.19: Comparison Between Smooth Tube Data and Modified Dobson Prediction 
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Figure 5.20: Effect of Quality and Mass Flux on Enhancement Factor 
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Figure 5.21: Effect of Quality on Enhancement Factor 
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Figure 5.22: Effect of Quality on Enhancement Factor 
G=150 kg/m2-s (110 klbm/ft2-hr) 
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Figure 5.23: Effect of Quality on Enhancement Factor 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
G=225 kg/m2-s (165 klbm/ft2-hr) 
I I I I 
0 G=300 kg/m 2 -s (220 klbmlft2 -hr) 
r-
0 0 
0 0 
0 0 CX() 0 
I-
I I I ~ 
0 0.2 0.4 0.6 0.8 
Average Quality, x 
Figure 5.24: Effect of Quality on Enhancement Factor 
G=300 kg/m2-s (220 klbm/ft2-hr) 
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Figure 5.25: Effect of Quality on Enhancement Factor 
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Figure 5.26: Effect of Quality on Enhancement Factor 
G=450 kg/m2-s (330 klbm/ft2-hr) 
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Figure 5.28: Comparison Between the Smooth Tube Data and Souza Correlation 
G=300 kg/m2-s (220 klbm/ft2-hr) 
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Figure 5.29: Pressure Drop Per Unit Length for the Smooth and Microfinned Tubes 
G=300 kg/m2-s (220 klbm/ft2-hr) 
7 I I I I 
0 G=300 kg/m2 -s (220 klb 1ft 2 -hr) 
+ m 6 - + G=400 kg/m2-s (295 klb Ift2-hr) -
m 
• G=450 kg/m2 -s (330 klb Ift2 -hr) m 
!t 5 -
..: 
.9 
u 
~ 4 r- -\l.. 0 
0 
c;; 0 t::: 
<1l 
Q.. 3 + -
+ 
• + 
2 r- • 0 0 °CID -0 
• 
+ + 0 
• .+ 
0 0.2 0.4 0.6 0.8 
Average Quality, x 
Figure 5.30: Effect of Quality and Mass Flux on the Penalty Factor 
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Figure 5.31: Comparison Between the Enhancement and Penalty Factors 
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Figure 5.32: Comparison Between the Enhancement and Penalty Factors 
G=400 kg/m2-s (295 klbm/ft2-hr) 
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Figure 5.34: Effect of Refrigerant on Nusselt Number 
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Figure 5.35: Effect of Refrigerant on Nusselt Number 
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Figure 5.36: Effect of Refrigerant on Nusselt Number 
G=225 kg/m2-s (165 klbm/ft2-hr) 
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Figure 5.37: Effect of Refrigerant on Nusselt Number 
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Figure 5.38: Effect of Refrigerant on Nusselt Number 
G=400 kg/m2-s (295 klbm/ft2-hr) 
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Figure 5.39: Effect of Refrigerant on Nusselt Number 
G=450 kg/m2-s (330 klbm/ft2-hr) 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
In this report, the heat transfer and pressure drop behavior of a zeotropic refrigerant 
mixture was studied in an internally enhanced microfinned tube. The results of this study, which 
are discussed in the preceding chapters, are concluded in this chapter. At the end of this chapter, 
recommendations for further research will be discussed. 
6.1 Conclusions 
The behavior of the zeotropic refrigerant mixture referred to as R-407c (R-32/R-125/R-
134a) has been studied in several important areas. One of the initial areas of study was the re-
examination of the smooth tube zeotropic data, in order to generate a heat transfer correlation for 
this zeotropic refrigerant in a smooth tube. After this correlation was developed, it was used·to 
compare the behavior of the R-407c in a microfinned tube to a smooth tube of the same size. This 
comparison was examined in terms of an enhancement factor. Also studied in this report was the 
pressure drop behavior of the zeotropic refrigerant mixture, which was compared to a smooth tube 
with the use of a penalty factor. 
6.1.1 Smooth Tube Correlation 
One primary goal of research is to generate a model or correlation that can be used to 
predict the behavior of a system. In this study, one such correlation was presented for predicting 
the behavior of the zeotropic refrigerant blend in a smooth tube. This correlation was based on a 
type of Dobson correlation, and was calculated by using smooth tube zeotropic data that was taken 
by Kenney et al. [1994]. Before these data were able to be used, several corrections were used in 
the analysis, because when the original data were taken several simplifications were made. First, 
more precise models were added to the analysis in order to generate precise properties that were 
used in the calculation of the heat transfer coefficients. The other correction made to the data was 
to redefine the driving temperature difference for heat transfer. 
Once these corrections were made, the data were fit to a modified Dobson correlation, and a 
zeotropic correlation was generated. Separate correlations for the wavy and annular flows were 
developed (Equations ( 5.2) and (5.3)). 
These correlation were found to be accurate predictors of the zeotropic mixture behavior, 
and it was decided that they will be used in the future in order to predict the behavior of smooth 
tube zeotropic behavior when using R-407c. 
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6.1.2 Heat Transfer in the Enham.'l'd Tube 
The zeotropic heat transfer data ta\...en in the 9.52 mm (0.375") o.d. microfinn~d tube was 
found to follow the same trends as other rl'trigerants in the same tube. For instance, the Nusselt 
number was found to increase with hoth tju.dity and mass flux, just as it did with pure refrigerants 
and near-azeotropic mixtures in both SIlH lot h and enhanced tubes. Once again, the characterization 
of the flow regime can be used to explain thi, behavior. 
One important factor that was found 1!1 the analysis of the effect of flow conditions on the 
Nusselt number in the microfinned tube \\ a' that the relationship between the Nusselt number and 
the average quality was found to be almo-..t pl'rfcctly linear. This was found to be true at each mass 
flux, and the equation of this relation was determined for each mass flux. 
Previous smooth tube data were compared to the zeotropic heat transfer data in the 
enhanced tube. Several trends were noticed in the analysis, including the fact that as the mass flux 
increased, the enhanced tube seemed to perform increasingly better than the smooth tube. In fact, 
at the lowest mass flux tested, there did not seem to be any difference between the behavior of 
these two tubes. 
A more direct comparison was then made between the smooth and enhanced tubes by using 
the modified Dobson correlation generated from smooth tube data to directly analyze the behavior 
of R-407c in a smooth tube in order to calculate an enhancement factor. This enhancement factor is 
a combination of both changing heat transfer and increased surface area due to the addition of the 
fins. This enhancement factor was then studied as a function of both mass flux and quality. 
One result of this study was the fact that the magnitude of the enhancement factor has a 
strong dependence on the flow regime, and that the enhancement factor has quite different behavior 
depending on both the mass flux and quality of the system. In this study, the enhancement factor 
was found to range from 1.2 to approximately 2.3. 
Next, the heat transfer behavior of the zeotrope was compared to a pure fluid (R-134a) and 
a near-azeotropic mixture (R-321R-125) in the same enhanced tube. It was interesting to note that 
the magnitude of heat transfer coefficient when using a zeotropic mixture is significantly less than 
both R-134a and R-32/R-125, and as the mass flux was increased, this difference began to 
decrease. But even at the highest mass flux tested, the zeotrope mixture yielded less heat transfer 
than either of the other refrigerants. 
Although condensers should be designed in step-by-step detail, general recommendations 
can be made for the use of zeotropic refrigerant mixtures. Namely, that high mass fluxes should 
be used at the higher qualities. Here the heat transfer coefficients are the highest, and approach the 
values of the pure and near-azeotropic refrigerants tested. Also at these points, the penalty drop 
penalty is not excessive. 
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6.1.3 Pressure Drop Penalties in an Enhanced Tube· 
By looking at smooth tube data taken by previous researchers, it was determiped that the 
Souza [1995] frictional pressure drop correlation could be used to predict the pressure drop when 
using the R-407c mixture. By using this correlation, the pressure drop in the enhanced tube could 
be compared to the smooth tube behavior with the use of a penalty factor. This penalty factor was 
then studied as a function of both mass flux and quality. It was found that the penalty factor has its 
highest values at the lowest qualities and the highest mass fluxes. But, the penalty factor also 
decreases significantly in the middle quality range. 
6.2 Recommendations for Further Research 
This study gives a good overview of the behavior of a zeotropic mixture in one specific 
enhanced tube. But, a full and complete analysis of both zeotropic mixtures and enhanced tubes 
must include a wider variety of refrigerants and more geometries. This study is useful because it 
gives information and insight on the major trends in both heat transfer and pressure drop behavior 
of R-407c in an enhanced tube. 
After the heat transfer and pressure drop behavior of the R-32/R-1251R-134a mixture was 
analyzed, and the enhancement and penalty factors were calculated, it is important to compare the 
two factors and determine at which points the best overall heat transfer is achieved with the lowest 
pressure drop penalty. This comparison can be made by directly comparing the data, but probably 
the best way in which to study the behavior of both the refrigerant and the enhanced tube is to input 
the information from this study into a simulation model, such as the one developed by Dobson et 
al. [1994]. This simulation was also used for an enhanced tube by Ponchner et al. [1994] who 
studied the behavior of R-134a in the microfinned tube. 
This simulation was not used in this study, but should be used later to combine the 
information based on the refrigerant and enhanced tube with other refrigerant and more enhanced 
tubes. This simulation would prove most beneficial if it were to include the behavior of a variety 
of refrigerant mixtures, including azeotropes, near-azeotropes and zeotropes as well as pure 
refrigerants. Another helpful addition to the simulation program would be the incorporation of 
several possible enhanced tube geometries. In further research, these areas could be studied and 
added to the simulation program to yield a very useful system behavior prediction and design tool. 
Although void fraction was used only for the acceleration pressure change, a small fraction 
of the overall pressure drops found in this study, it is to be noted that there are almost no 
experimental void fraction data available for refrigerants in the literature. Thus, the development of 
such data is highly recommended. 
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APPENDIX A 
PRESSURE DROP CORRELATIONS 
In a report by Souza et al. [1992], a correlation was presented in order to predict the local 
frictional pressure drop in horizontal tubes. This correlation was experimentally determined by 
fitting data from R-134a and R-12. This correlation was later used by several researchers to 
predict the local pressure drop per unit length. But, in recent testing with newer refrigerants, 
including both near-azeotropic and zeotropic mixtures, it was found that the Souza correlation did 
not accurately predict the pressure drop data for the refrigerant mixtures. Table Al is a collection 
of the pressure drop data for a variety of refrigerants tested in a smooth horizontal tube (R-321125, 
R-134a, and R-22). The test conditions for these tests are included in Table A2. 
Also included in Table Al is the value of the 1992 Souza correlation for all of these tests, 
as well as the percent error between that correlation and the smooth tube data. As one can see, the 
Souza correlation predicts the pure refrigerant data well, but does not correlate well with the 
mixture data. For the tests conducted with R-134a, the average percent error between the 1992 
correlation and the data was 24.0%, and for the other pure refrigerant tested, R-22, the average 
percent error was 32.1 %. But for the mixture of R-321R-125 (50/50%) the average percent error 
was as high as 50.7%. 
After this experimental data had been taken, Souza [1995] presented another, newer 
correlation that was a correction to the existing one. This correlation was developed based on 
testing of both pure and mixed refrigerants, and with a wider variety of flow conditions (Le., 
wider temperature range). This correlation was then compared to the experimental data that is 
included in Table AI. As one can see in Table A3, the new Souza correlation relates much better 
to both the pure and mixed refrigerants. The new correlation had a average percent error of 14.5% 
for the near-azeotropic mixture, which is a significant improvement over the older correlation. The 
average percent errors for the pure refrigerants with the new correlation are 24.0% for R-134a and 
20.0% for R-22. Both of these percentage errors are improvements over the previous correlation 
results. 
Based on the above analysis, the newer Souza correlation was then implemented w~en 
trying to predict the local behavior of refrigerant mixtures, both in the smooth and enhanced tube. 
This prediction is discussed in Chapter 5 of this report. 
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4.30 
6.33 
6.04 
6.14 
6.13 
2.19 
2.72 
1.41 
2.09 
2.62 
2.02 
2.67 
2.69 
1.31 
2.69 
3.36 
5.13 
6.52 
1.22 
2.57 
3.73 
5.07 
6.46 
1.71 
2.98 
1.45 
2.95 
4.49 
3.02 
3.86 
0.83 
1.25 
0.53 
0.75 
1.22 
0.68 
1.20 
1.30 
44.03% 
45.17% 
57.16% 
46.52% 
35.00% 
45.94% 
44.50% 
48.51% 
45.94% 
35.48% 
63.49% 
53.63% 
66.23% 
53.36% 
25.76% 
50.86% 
37.13% 
62.21% 
54.16% 
62.76% 
64.29% 
53.42% 
66.27% 
55.15% 
51.51 % 
Table A.1: Pressure Drop Prediction using Souza [1992] Correlation 
(R-32IR-125,50/50%) 
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, .:, 
Mass Flux 
[kg/m,~~j ..... 
>;>.:: 
.. 
.. 
653.0 
647.0 
650.0 
648.0 
638.0 
644.0 
635.0 
640.0 
497.1 
508.0 
501.0 
503.0 
501.0 
516.0 
507.0 
502.0 
501.0 
511.0 
227.3 
225.5 
226.1 
226.3 
.. . , .. : . ... . ... 
Av¢rage Quality dP/dzpred ~r/dzlIleas Percent Error 
[kPalm] ,.:[kP~/m]) ';'";:: 
I' .: , .: .. ,"," , 
.. 
0.10 1.78 1.72 3.29% 
0.20 3.86 3.20 17.13% 
0.29 6.17 4.90 20.66% 
0.40 9.02 6.60 26.81% 
0.51 11.40 9.06 20.52% 
0.66 15.23 11.24 26.15% 
0.79 16.49 12.64 23.32% 
0.90 15.89 13.91 12.43% 
0.13 1.46 0.90 38.06% 
0.18 2.17 1.43 34.12% 
0.24 3.02 2.08 31.00% 
0.35 4.86 3.45 29.06% 
0.3-9 5.50 4.04 26.49% 
0.48 7.39 5.63 23.87% 
0.57 8.68 6.66 23.27% 
0.67 9.99 8.40 15.92% 
0.78 11.03 9.33 15.43% 
0.82 11.08 9.49 14.37% 
0.17 0.45 0.52 16.67% 
0.68 2.34 1.20 48.55% 
0.77 2.54 1.32 48.12% 
0.86 2.59 1.32 48.85% 
Table A.l: Pressure Drop Prediction using Souza [1992] Correlation 
(R-134a) 
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Mass Flux 
,:." 
Percent Error dP/dzpred dP/dzmeas Av~ragt:Quality 
.. . .:' 
.. ~~~~ ";:;~." .:" / . ;'" [kg/m2s] IkPa/m] [k}la/fu] .: 
659.0 
649.4 
650.2 
663.7 
660.7 
663.4 
663.2 
659.8 
654.7 
649.6 
651.8 
659.9 
660.4 
675.2 
669.4 
671.1 
663.7 
665.7 
672.6 
665.8 
509.5 
503.9 
504.0 
506.0 
497.6 
497.1 
501.1 
499.8 
504.4 
507.0 
294.9 
294.0 
294.6 
227.0 
225.8 
225.6 
225.4 
225.8 
226.8 
226.9 
228.9 
228.8 
230.0 
229.6 
230.0 
. " .. ,.'.: ... " ..... :' ....... 
0.18 3.1-l 2.01 36.01% 
0.33 5.9X 2.87 51.95% 
0.44 X.-l7 4.58 45.87% 
0.48 l).5X 5.17 46.00% 
0.62 1 ~ AO '8.00 35.50% 
0.74 1-l.{)X 10.01 28.89% 
0.74 13.96 9.97 28.58% 
0.85 1-l.69 11.27 23.34% 
0.91 13.-l5 11.43 15.04% 
0.62 12.20 7.91 35.14% 
0.61 11.87 7.66 35.45% 
0.49 9.86 6.38 35.34% 
0.48 9.29 6.00 35.49% 
0.37 7.04 4.75 32.62% 
0.39 7.82 5.24 32.92% 
0.39 7.83 5.26 32.86% 
0.29 5.52 3.77 31.75% 
0.28 5.17 3.62 30.05% 
0.18 3.18 2.19 31.23% 
0.21 3.93 2.76 29.93% 
0.27 3.07 1.56 49.16% 
0.48 6.07 3.79 37.55% 
0.48 6.00 3.30 44.97% 
0.48 5.97 2.87 51.89% 
0.61 7.29 4.59 37.07% 
0.60 7.30 4.53 38.00% 
0.73 8.86 5.11 42.37% 
0.86 8.91 5.82 34.68% 
0.89 8.78 6.57 25.10% 
0.90 8.53 6.95 18.59% 
0.68 3.25 1.02 68.64% 
0.80 3.53 1.32 62.47% 
0.92 3.25 1.43 56.15% 
0.71 2.09 1.75 16.22% 
0.78 2.24 1.83 17.99% 
0.82 2.25 1.83 18.66% 
0.90 2.18 1.83 15.91 % 
0.91 2.12 1.83 13.61% 
0.89 2.18 1.85 15.47% 
0.86 2.20 1.97 10.46% 
0.67 2.03 1.63 19.63% 
0.68 2.09 1.43 31.82% 
0.52 1.63 1.43 12.40% 
0.51 1.58 1.22 22.43% 
0.35 1.00 1.09 8.93% 
Table A.1: Pressure Drop Prediction using Souza [1992] Correlation 
(R-22) 
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Quantity Range 
Saturation Temperature 35°C (95 OF) 
Quality 10-90% 
Mass Flux 300-675 kg/m2-s (330-743 klbm/ft2-hr) 
Refrigerant R-32/125 (50/50%) 
R-134a 
R-22 
Tsat-Twall 2-3°C (3.6-5.4 OF) 
Table A.2: Test Conditions for Pressure Drop Data 
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Mass>Flux> 
[kg/m~sl .. 
. . . .. 
667.0 
660.3 
660.4 
651.5 
646.6 
666.8 
661.2 
661.7 
651.9 
647.6 
499.5 
496.0 
503.7 
496.6 
498.3 
498.7 
501.2 
304.4 
305.2 
303.9 
304.3 
303.9 
303.8 
309.2 
309.5 
Average Quality .;. 
I 
dP/dzineas Percent.Error •. dP/dzpred ..... 
. [kPa/W] 
. ........•.. 
[kPa/m] .:; 
> I.·· . .... ..i'~ 1< 
....•... 
.. > ... :".:;.:.: .. ' .. : ... : 
0.17 1.29 1.31 1.99% 
0.35 2.42 2.69 11.14% 
0.53 3.85 3.36 12.76% 
0.69 4.86 5.13 5.41% 
0.88 5.86 6.52 11.38% 
0.16 1.23 1.22 0.81% 
0.33 2.26 2.57 13.50% 
0.51 3.47 3.73 7.67% 
0.68 4.67 5.07 8.55% 
0.87 5.67 6.46 13.90% 
0.51 2.35 1.71 26.94% 
0.76 3.41 2.98 12.68% 
0.48 2.08 1.45 30.16% 
0.75 3.31 2.95 10.80% 
0.90 3.61 4.49 24.24% 
0.72 3.12 3.02 3.21% 
0.86 3.35 3.86 14.94% 
0.58 1.09 0.83 23.84% 
0.76 1.44 1.25 13.43% 
0.39 0.69 0.53 23.38% 
0.56 1.02 0.75 26.60% 
0.75 1.36 1.22 9.83% 
0.55 0.97 0.68 29.85% 
0.73 1.36 1.20 12.02% 
0.87 1.51 1.30 13.76% 
Table A.3: Pressure Drop Prediction using Souza [1995] Correlation 
(R-321R-125) 
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• • 
Mass Flux 
[kg/m 2s] 
653.0 
647.0 
650.0 
648.0 
638.0 
644.0 
635.0 
640.0 
497.1 
508.0 
501.0 
503.0 
501.0 
516.0 
507.0 
502.0 
501.0 
511.0 
227.3 
225.5 
226.1 
226.3 
A verage Quality dP/dzpred dP/dzmeas Percent Error 
[kPa/m] [kPa/m] 
0.10 1.08 1.72 58.91 % 
0.20 2.36 3.20 35.43% 
0.29 3.80 4.90 28.78% 
0.40 5.62 6.60 17.47% 
0.51 7.17 9.06 26.32% 
0.66 10.09 11.24 11.45% 
0.79 11.54 12.64 9.54% 
0.90 12.34 13.91 12.74% 
0.13 0.89 0.90 1.76% 
0.18 1.31 1.43 9.09% 
0.24 1.83 2.08 13.88% 
0.35 2.99 3.45 15.45% 
0.39 3.39 4.04 19.21% 
0.48 4.64 5.63 21.41 % 
0.57 5.57 6.66 19.51 % 
0.67 6.64 8.40 26.50% 
0.78 7.75 9.33 20.41 % 
0.82 7.84 9.49 21.01 % 
0.17 0.29 0.52 80.86% 
0.68 1.58 1.20 23.73% 
0.77 1.76 1.32 25.16% 
0.86 1.90 1.32 30.30% 
Table A.3: Pressure Drop Prediction using Souza [1995] Correlation 
(R-134a) 
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~, 
~as~Flux 
[kg/m2sJ 
659.0 
649.4 
650.2 
663.7 
660.7 
663.4 
663.2 
659.8 
654.7 
649.6 
651.8 
659.9 
660.4 
675.2 
669.4 
671.1 
663.7 
665.7 
672.6 
665.8 
509.5 
503.9 
504.0 
506.0 
497.6 
497.1 
501.1 
499.8 
504.4 
507.0 
294.9 
294.0 
294.6 
227.0 
225.8 
225.6 
225.4 
225.8 
226.8 
226.9 
228.9 
228.8 
230.0 
229.6 
230.0 
Average Quality dP/dzpred .' .' Percent Error dP/dzmeas 
.. 
[kPa/m] [kPa/m] : 
.. 
. , 
0.18 1.85 2.01 8.70% 
0.33 3.38 2.87 15.07% 
0.44 4.80 4.58 4.56% 
0.48 5.44 5.17 4.82% 
0.62 7.28 8.00 9.82% 
0.74 8.56 10.01 16.86% 
0.74 8.46 9.97 17.89% 
0.85 9.72 11.27 15.91 % 
0.91 9.68 11.43 18.09% 
0.62 7.20 7.91 9.93% 
0.61 6.90 7.66 11.05% 
0.49 5.68 6.38 12.32% 
0.48 5.21 6.00 15.01 % 
0.37 3.89 4.75 22.16% 
0.39 4.46 5.24 17.47% 
0.39 4.45 5.26 18.16% 
0.29 3.14 3.77 20.02% 
0.28 2.90 3.62 24.75% 
0.18 1.82 2.19 20.22% 
0.21 2.30 2.76 20.06% 
0.27 1.75 1.56 10.82% 
0.48 3.51 3.79 7.88% 
0.48 3.45 3.30 4.43% 
0.48 3.40 2.87 15.54% 
0.61 4.24 4.59 8.34% 
0.60 4.26 4.53 6.36% 
0.73 5.48 5.11 6.85% 
0.86 5.97 5.82 2.57% 
0.89 6.11 6.57 7.54% 
0.90 5.98 6.95 16.07% 
0.68 1.94 1.02 47.44% 
0.80 2.24 1.32 40.90% 
0.92 2.35 1.43 39.40% 
0.71 1.30 1.75 34.48% 
0.78 1.45 1.83 26.66% 
0.82 1.49 1.83 23.29% 
0.90 1.53 1.83 19.55% 
0.91 1.50 1.83 22.07% 
0.89 1.52 1.85 21.49% 
0.86 1.47 1.97 33.77% 
0.67 1.24 1.63 30.90% 
0.68 1.30 1.43 9.84% 
0.52 0.98 1.43 45.25% 
0.51 0.94 1.22 29.83% 
0.35 0.59 1.09 84.76% 
Table A.3: Pressure Drop Prediction using Souza [1995] Correlation 
(R-22) 
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APPENDIX B 
EXPERI\IENTAL DATA 
Located in the following table are all of the experimental heat transfer and pressure drop 
data for the 9.52 mm (0.375") o.d. enhanced tube. The data is presented in SI (System 
Internationale) units because that was hm\ the original data were taken. This data includes the 
mass flux, average quality (x), quality chan~L> (L\x), temperature difference between the saturation 
temperature and the wall (T saC T w), waler temperature difference (~T water), heat transfer coefficient 
(h), Nusselt number (Nu), pressure drop per unit length (dP/dz), and flow regime. 
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. 
iMassFlux 
. 
n;sat-Tw 4P/di: x i\x i\Twater h Np Regime 
... 
[kginfl .. s] [%] [%] IC] [C] [W/nflK] .. ::. . [kPa/rh] .. 
77.4 0.14 0.09 3.40 1.99 541 58 0.26 Wavy 
72.6 0.26 0.14 3.06 2.93 910 98 0.17 Wavy 
72.0 0.41 0.19 3.41 3.60 1043 112 0.00 Wavy 
72.6 0.53 0.18 2.88 3.33 1230 131 0.00 Wavy 
73.4 0.66 0.19 2.77 3.50 1385 147 0.00 Wavy 
73.2 0.82 0.26 3.27 4.23 1573 166 0.00 Wavy 
149.6 0.16 0.08 2.91 3.68 1030 111 0.00 Wavy 
148.1 0.25 0.10 3.12 4.65 1276 137 0.00 Wavy 
150.2 0.42 0.13 3.09 5.48 1674 179 0.00 Wavy 
150.1 0.57 0.15 3.11 5.98 1969 210 0.00 Wavy 
149.6 0.73 0.18 3.07 6.45 2353 250 0.00 Wavy 
148.9 0.87 0.19 2.83 6.62 2705 286 1.83 Annular 
226.7 0.09 0.05 3.20 3.96 878 95 0.80 Wavy 
225.0 0.26 0.09 3.08 5.47 1762 189 0.00 Wavy 
225.8 0.45 0.12 3.20 6.41 2283 244 0.03 Wavy 
224.8· 0.59 0:13 2.95 ·6.72 2604 277 0.54 Wavy 
225.1 0.75 0.14 2.76 6.87 2994 317 1.22 Annular 
224.2 0.87 0.16 2.81 7.33 3416 360 1.04 Annular 
298.5 0.15 0.06 2.82 7.03 1808 194 1.28 Wavy 
294.1 0.27 0.08 3.01 7.50 2070 222 0.83 Wavy 
2925 0.43 0.09 2.81 7.85 2445 261 1.27 Wavy 
297.3 0.62 0.10 2.80 7.87 2983 317 2.15 Annular 
300.3 0.71 0.11 2.69 8.06 3299 350 3.98 Annular 
299.4 0.80 0.11 2.50 8.09 3551 376 4.44 Annular 
297.4 0.89 0.13 2.68 8.67 3886 411 4.51 Annular 
403.9 0.12 ·0.04 2.90 4.69 1653 178 2.17 Wavy 
396.2 0.27 0.07 2.90 6.59 2550 273 2.54 Wavy 
404.1 0.40 0.07 2.78 6.93 2872 307 3.49 Wavy 
402.3 0.46 0.09 3.02 7.98 3134 335 3.80 Wavy 
400.6 0.52 0.08 2.79 7.44 3280 350 4.37 Annular 
401.4 0.70 0.10 2.77 7.62 3779 401 5.61 Annular 
399.8 0.80 0.10 2.68 7.63 4029 426 6.53 Annular 
402.2 0.90 0.12 2.84 8.23 4468 473 6.75 Annular 
451.2 0.13 0.05 3.19 8.01 1694 183 1.60 Wavy 
441.3 0.32 0.06 2.78 8.77 2678 287 2.54 Wavy 
460.9 0.46 0.07 2.73 9.30 3303 352 4.05 Annular 
453.7 0.58 0.08 2.71 9.72 3636 387 4.75 Annular 
447.1 0.73 0.08 2.58 9.75 3863 410 6.07 Annular 
457.6 0.86 0.11 2.86 9.98 4977 525 7.79 Annular 
Table B.1: Experimental Data for the Enhanced Tube 
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APPENDIX C 
REFRIGERANT PROPERTY INFORMATION 
In the following appendix are the curve fits that were generated for the 23125/52% by 
weight mixture ofR-32/R-125IR-134a. The properties included here are divided into three areas. 
First are the curve fits for the properties that were modeled as a function of pressure only. These 
curve fits, which were calculated for a temperature range from 20 to 50°C (68 to 122 OF), are 
based on tabular data from the manufacturer of the refrigerant, and are included in Table C.l. The 
units of the properties included in this table and all subsequent tables are listed below. 
PROPERTY UNITS 
Temperature <c 
Pressure kPa 
Enthalpy kJ/kg 
Density kg/m3 
Thermal Conductivity W/m-K 
Viscosity JlPa-s 
Specific Heat kJ/kg-K 
In Table C.2 are the curve fits that were generated for all of the properties that were 
modeled as a function of both pressure and quality. These models were generated based on the 
temperature concentration data provided by the manufacturer, and using the property prediction 
software from NIST, for a temperature range from 20 to 50°C (68 to 122 OF). These curve fits 
are presented as functions of each 10% quality increment. 
The third section of properties to be modeled here is the relationship between temperature 
and pressure. These relations, which were generated based on an average saturation temperature of 
35 °C (95 OF), are included in Table C.3, also as a function of each 10% quality increment. 
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Property Curve Fit 
Liquid Enthalpy hl= 11.59+0.08934*P-2.1ge-5*p2+3.184e-9*p3 
Enthalpy of Vaporization hfg=242.15-0.0496*P+5.813e-6*p2-8AOe-lO*p3 
Liquid Density PJ= 1341.86-0.2343*P+5.91e-5*p2-8.75e-9*p3 
Liquid Conductivity kl=0.1022-1.93e-5*P+4.7ge-9*p2-7.02e-13*p3 
Vapor Conductivity kv=O.O 14+4.0ge-6*P-1A2e-1O*p2+ 1.04e-14*p3 
Vapor Viscosity ~v=1.12e-5+ 1.75e-3*P+2.85e-13*p2+3.23e-17*p3 
Vapor Specific Heat cpv=0.7353+2Age-4*P-4.35e-8*p2+ 1.83e-11 *p3 
Liquid Specific Heat Col= 1. 307 + 1.54e-4 *p+ 3 .5ge-8 *p2_ 2.20e-11 *p3 
Table C.1: Property Curve Fits as a Function of Pressure 
... 
Property Quality 
Vapor Density 0.10 Pv=0.527 +0.0386*P+ 1.85e-8*p2+ 7 .04e-l 0*p3 
0.20 Pv=1.187+0.0341 *P+9.85e-7*p2+5.01e-1O*p3 
0.30 pv=0.928+0.0382*P+6.02e-7*p2+5.97e-1O*p3 
0040 Pv=0.994+0.0382*P+ 7.30e-7*p2+5.72e-1O*p3 
0.50 pv=0.863+0.0387*P+5A2e-7*p2+6.25e-10*p3 
0.60 pv=0.974+0.0387*P+6.20e-7*p2+6.26e-1O*p3 
0.70 
0.80 
0.90 
Liquid Viscosity 0.10 
0.20 
0.30 
0040 
0.50 
0.60 
0.70 
0.80 
0.90 
Pv= 1.111 +0.0386*P+8.93e-7*p2+5.66e-1O*p3 
Pv=1.166+0.0387*P+ 1.04e-6*p2+5.33e-10*p3 
Pv= 1. 129+0.0390*P+9 .2ge-7*p2+5. 7ge-1 0*p3 
~v=2750.97-1AO+4.2ge-4*p2-5.52e-8*p3 
~v=2770.9-1A2+4.3ge-4*p2-5.6ge-8*p3 
~v=2773.51-1A2+4.36e-4*p2-5.64e-8*p3 
~v=2804.10-1A6+4.61e-4*p2-6.11e-8*p3 
~v=2821.1O-1A8+4.66e-4*p2-6.17e-8*p3 
~v=2844.60-1.51 +4.88e-4*p2-6.65e-8 *p3 
~v=2867.1 0-1.54+5.05e-4*p2-6.97e-8*p3 
~v=2877.00-1.55+5.08e-4*p2-7.02e-8*p3 
~v=2878.00-1.55+5.0ge-4*p2-7.03e-8*p3 
Table C.2: Property Curve Fits as a Function of Pressure and Quality 
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. Quality Value Property .. 
(:;)sat x 0.00 0.02467 
0.10 0.02478 
0.20 0.02512 
0.30 0.02543 
0.40 0.02571 
0.50 0.02604 
0.60 0.02674 
0.70 0.02670 
0.80 0.02714 
0.90 0.02736 
LOO 0.02769 
Table C.3: Relationship Between Temperature and Pressure as a Function of Quality 
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APPENDIX D 
SMOOTH TUBE EXPERIMENTAL DATA 
Included in Table D.l is the modified smooth tube data that was taken by Kenney et al. 
[1994]. The modifications that were done on this data are included in Chapter 5 of this report. 
The data is presented in the same manner as the experimental data in Appendix B of this report. 
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Mass Flux x .. Ax ... · Tsat-Tw ~Twater h Nu.< . ·dp/dz. Regime 
[kg/m2-s] [%] [%] [C] [C] [W/m~-K] .. < [kPa/Dl] .. -;~.; , 
76.3 0.11 0.09 4.39 1.51 551 47 0.20 Wavy 
75.8 0.17 0.13 3.84 2.04 876 75 0.19 Wavy 
74.4 0.26 0.15 .3.70 2.53 1075 92 0.18 Wavy 
75.4 0.34 0.18 3.77 2.92 1235 106 0.00 Wavy 
75.1 0.47 0.19 3.68 3.21 1375 117 0.00 Wavy 
74.4 0.56 0.22 3.81 3.61 1501 128 0.00 Wavy 
73.9 0.64 0.23 3.75 5.26 1593 136 0.00 Wavy 
74.8 0.76 0.24 3.76 5.46 1700 145 0.00 Wavy 
151.1 0.09 0.03 3.17 5.36 503 43 0.15 Wavy 
152.6 0.10 0.06 3.97 1.30 770 66 0.19 Wavy 
149.8 0.15 0.08 3.96 1.94 1111 95 0.17 Wavy 
152.4 0.23 0.09 3.62 2.24 1406 120 0.25 Wavy 
152.1 0.31 0.11 3.74 2.62 1578 135 0.00 Wavy 
152.4 0.38 0.11 3.63 2.78 1699 145 0.00 Wavy 
150.9 0.46 0.12 3.51 2.83 1865 159 0.00 Wavy 
151.0 0.54 0.13 3.45 3.09 2026 173 0.00 Wavy 
149.9 0.62 0.14 3.32 3.18 2187 187 0.00 Wavy 
151.8 0.72 0.14 3.35 3.37 2298 196 0.00 Wavy 
153.1 0.81 0.15 3.46 3.65 2362 202 0.00 Annular 
300.5 0.19 0.05 3.70 2.79 1440 123 0.28 Wavy 
300.1 0.31 0.06 3.34 3.24 1837 157 0.56 Wavy 
299.9 0.42 0.07 3.35 3.84 2197 188 0.90 Wavy 
300.3 0.56 0.08 3.32 4.47 2534 216 1.41 Annular 
300.6 0.68 0.10 3.54 5.66 2970 254 3.40 Annular 
300.4 0.80 0.11 3.35 6.30 3488 298 3.86 Annular 
300.1 0.87 0.12 3.60 5.58 3615 309 3.94 Annular 
Table D.l: Modified Smooth Tube Data 
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